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SUMMARY
The evolution of the Differential Compound Engine is described, 
from its initial conception, through experimental testing to 
possible future developments.
The construction of the experimental apparatus is detailed, 
together with the development of this apparatus as experience 
gained was fed back as design improvements.
The problem of predicting the performance off design of 
systems such as the differential compound engine is 
examined, and a simple one-dimensional analysis chosen 
as the most suitable theoretical treatment. The development 
of this treatment into a reasonably general computerised 
analysis is described. As part of the analysis mathematical 
models of Rootes TS 3 and Perkins 6.354 engines, and of 
several compressors and turbines have been developed. The 
useful one-dimensional analysis of radial inflow turbines 
written for this modelling is given in detail and compared 
with experimental data. Systems modelled have been the 
differential compound engine, turbo charged engine, and 
systems involving combustion chambers.
Agreement between measured and predicted performance is 
found to be dependent on the degree of accuracy with which 
losses are modelled. Possible models for some losses are 
given.
With the aid of the computerised analysis, the possible 
future development of the differential scheme is considered, 
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CHAPTER 1 - INTRODUCTION
1.1 BACKGROUND OF THE PROJECT
It is proposed here to describe certain aspects of work 
which has been done on the Differential Compound Engine 
(DCE). This project which is currently continuing at 
the University of Bath, was initiated some years ago at 
Queen’s University, Belfast, by Professor F. J. Wallace.
In considering possible future developments of diesel 
engine power units, he used a simple cycle model of an 
engine to investigate the different possible ways of 
combining engines, compressors and turbines to achieve 
some specific power unit characteristic(l). Following 
a conclusion that the compound configuration, with a 
geared connection between all components, showed promise, 
the DCE was proposed(2). In this arrangement, engine, 
compressor, turbine and output shaft are connected by 
means of epicyclic gearing, so that for a fixed engine 
speed, output shaft speed and compressor speed are 
inversely related. The object of this arrangement is to 
combine the high potential specific output of the compound 
engine with a favourable output shaft power characteristic 
approximating to the ideal constant power envelope. In 
this way, the cost of the epicyclic gearing could be off­
set by the reduced or eliminated need for an external 
gearbox. Two versions of the DCE were investigated: one
where turbine power is added to engine power, and circulated 
through the gearing, and the other where turbine power is 
added to the output shaft. Of the two proposals, it was 
concluded that the second gave more favourable character­
istics, and it was decided that a laboratory version of 
the DCE should be built.
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Operation as part of the DCE imposes high loadings on the 
engine, and as a preliminary to construction of the DCE 
rig it was considered desirable that the characteristics 
of the chosen engine (the Rootes TS 3, see Chapter 2) 
should be investigated, with special reference to 
operation at high mechanical and thermal loadings. This 
preliminary calibration work was performed at Queen’s 
University, Belfast(3) and confirmed the suitability of 
the Rootes TS 3 for use in the DCE,
In the light of the work in Belfast, construction of 
a laboratory version of the DCE was undertaken at the 
University of Bath, then based in Bristol, and a 
comprehensive programme of testing was begun. As 
testing progressed, limitations in the original 
proposal became evident, and the rig was modified 
as experience was fed back into design improvements.
These improvements have now allowed a much more 
favourable performance to be achieved than was 
originally realised. Work on the project is currently 
continuing, the rig having been moved to new premises 
in Bath.
1.2 ASPECTS DESCRIBED IN THIS THESIS
The work described in detail here represents the author’s 
contribution to the project. The author was involved in 
the last part of the work in Belfast, and this work has 
already been reported(M-) . The laboratory version of the 
DCE in Bristol was designed and developed jointly by 
the author and Few(5). The author was responsible for 
some of the initial design work (particularly the gas 
flow systems) and assisted in development and testing 
of the rig. The author’s main concern, however, has 
throughout been with theoretical aspects of the DCE 
project; means for producing predicted performance 
characteristics for the DCE have been developed, and 
extensive optimisation studies have been performed.
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As a by-product of the theoretical work on the DCE, a very 
useful one-dimensional treatment of the radial inflow 
turbine has been developed (see Chapter 4), and a general 
computerised analysis for combustion engine systems has 
been produced.
Few’s greater concern with experimental work and the 
author’s with theoretical work is reflected in the bias 
of the reports that have been produced. This thesis 
will not repeat Few's detailed account of experimental 
work on the DCE(5). Experimental work will instead be 
treated historically, attempting to show the sequence 
of developments in the concept. Much more emphasis 
will here be given to theoretical aspects.
1.3 DEVELOPMENT OF THE DCE CONCEPT
The development sequence of the DCE will be described 
in detail in Chapter 2. An outline of this development 
will be given here. In the original design of the DCE(2,6) 
two fixed geometry turbines were envisaged, one radial 
inflow, one axial flow. On closer examination, the axial 
flow turbine proved to be prohibitively expensive, and 
a radial flow machine combined with a torque converter 
was substituted. This version of the rig was the first 
to be built. Experience gained from operating this rig 
shewed that the fixed geometry turbines imposed an 
undesirable operating schedule on the engine, and led to 
thermodynamic loss because of the need to bleed to waste 
large amounts of excess air. With fixed turbine geometry, 
the increase in airflow entailed by falling output shaft 
speed at constant engine speed (see 1.1 above) could not 
be accommodated over most of the output speed range by 
either main or auxiliary turbine, and the excess air had 
to be bled to waste ,
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It had originally been anticipated that the variation in 
swallowing capacity with turbine speed would be substantial, 
and would largely accommodate the increase in mass flow 
with falling output shaft speed. The detailed treatment 
of turbine flow conditions described in Chapter 4 led to 
the conclusion that the rather large Napier CO 45 turbines 
used in the DCE with small nozzle angle give a much 
smaller variation in mass flow with speed than would a
smaller turbine operating with larger nozzle angle. This
point is discussed in more detail with reference to the 
experimental results in Chapter 5.
It became apparent from the considerations given above 
that a turbine with variable swallowing capacity would 
allow all excess air to be used, and would also allow 
a very flexible choice of engine operating schedule. 
Accordingly, design of a turbine with variable geometry 
guide vanes was commissioned, and two such turbines 
were fitted to the rig. A comprehensive series of tests 
has been performed on this version of the rig and is 
reported here in full for the first time. Extracts 
from the test results for both versions have been
presented elsewhere(7,8).
With variable geometry turbines fitted, all available 
flow from the compressors may be accommodated by the 
turbines. If all this flow were passed through the 
engine, large pressure drops would occur, with a 
consequent fall in turbine power. To avoid this, 
engine scavenge ratio is held constant, and excess 
air bypassed round the engine, mixing with the 
engine exhaust before entry to the turbine. This 
arrangement leads to low turbine inlet temperatures 
which suggests that large gains in turbine power 
could be expected if a combustion chamber were 
fitted in the bypass line. This expectation was 
supported by more detailed theoretical work, and 
accordingly a combustion chamber has been fitted to 
the rig. Tests on this configuration are in progress.
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Developments so far considered only theoretically (see 
Chapter 6) include replacement of the two-stroke Rootes 
TS 3 engine by a four-stroke Perkins 6.354, replacement 
of the positive displacement compressors by a centrifugal 
unit, and arranging for the nozzles in the variable 
geometry turbines to reverse completely. This would 
give negative turbine torques offering the possibility 
of reversing and engine assisted braking. Finally, 
an investigation into the transient response of the 
rig is being planned.
1.4 THEORETICAL WORK RELATED TO THE DCE
It was mentioned in Section 1.2 above that the author's 
main concern has been with theoretical aspects of the 
DCE. The major part of this work has comprised the 
development of computerised routines for predicting 
the performance of the DCE, especially when operating 
off design. When power units are formed from com­
binations of engines, compressors, turbines and other 
therroodynamic components, some routine for predicting 
the performance of the complete unit is obviously 
desirable. There is usually available some estimate 
of the performance of each component, and the problem 
of estimating the performance of the complete system 
at some chosen operating point reduces to applying 
tests for compatibility of mass flow and power to 
the links between the components. This process will 
be known throughout as a matching analysis.
Such a matching analysis could be, and has been, done 
by representing graphically the performance of the 
major components and superimposing these representations 
in an attempt to arrive at stable, self consistent, 
operating points. This normal process was devised 
and used by Wallace(l) and has also been used by the 
author. Since the solution is obtained by an iterative 
process, it can well be imagined that the labour of 
such a manual analysis is considerable, and that some
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more rapid process would be desirable. If a rapid process 
were available, extensive optimisation studies could be 
undertaken with confidence, and design studies attempted 
on a firm basis. Digital computers offer a ready means 
of producing a rapid matching analysis, and a computerised 
matching analysis has been developed for the DCE. This 
analysis was originally written in Scheme C, a programming 
language produced by Bristol Siddeley Engines Limited 
in connection with their gas turbine performance work.
The analysis has since been written in FORTRAN IV for 
greater generality.
With the change from Scheme C to FORTRAN, the matching 
analysis has been extended and generalised so as to 
enable any combustion engine system to be analysed.
This extension of the matching analysis is discussed 
more fully in Section 1.5 below.
It was tacitly assumed, while describing the matching 
analysis, that component characteristics were known 
in some detail. This proved not to be the case for 
radial inflow turbines. Characteristics for the 
Napier CO 45 turbines fitted to the DCE were not 
available, and in their absence, a set of character­
istics relating to a different radial flow turbine(9) 
were scaled for size. Operating experience on the 
rig led to the conclusion that those characteristics 
did not, in fact, represent adequately the behaviour 
of the Napier CO 45, so some form of analysis which 
would predict radial flow turbine characteristics 
was considered to be necessary. At about the same time, 
turbines with variable nozzle angle were being 
considered for the DCE, and since nothing was known 
of their behaviour, it was decided that an analysis 
of radial inflow turbines should be developed, which 
would enable turbine performance of design to be 
synthesised from nozzle and rotor geometry. Such an
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• analysis has been developed and extensively used. The 
treatment is one-dimensional, and was based on ideas 
put forward by Wallace(lO). The treatment proposed by 
Wallace was extended to include cases of nozzle and 
rotor choking at high pressure ratios, and has been 
programmed in Algol and FORTRAN. Values from the 
program were compared with experimental results for 
a CAV type 01 turbine, and found to be in good 
agreement(ll). The one-dimensional treatment has 
been extended to cover partial admission, with 
limited success, and has thrown valuable light on 
turbine operation with variable inlet nozzle angle.
The treatment is discussed more fully in Chapter 4.
1.5 EXTENSIONS BEYOND THE DCE
The background to the development of the computerised 
matching analysis has been given above. Mention was 
made of the way in which the treatment had been 
generated so as to allow practically any combustion 
engine configuration to be analysed. The analysis 
is written in FORTRAN, and components are represented 
either by arrays or by one-dimensional treatments 
such as that developed for the turbine(11). The 
treatment(12) is now regarded as a general analytical 
tool, and has been used to synthesise performance 
characteristics for configurations far removed from 
the DCE. Particular attention has been paid to the 
turbocharged engine, and a detailed comparison between 
predictions and measured results has been made for 
the Perkins 5.354, four-stroke, engine. This is 
presented in Chapter 5. A possible free turbocharged 
operating field for the Rootes TS 3 two-stroke 
engine has been investigated, and found to be limited, 
but possibly usable; and an advanced configuration 
involving a combustion chamber and turbocharger has 
been investigated for an outside concern.
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The rapidity of the analysis, both in implementation, 
and in actual computer running time, may prove to be 
attractive to engine manufacturers, as may the ability 
to synthesise turbine performance directly from 
geometry.
1.6 LAYOUT OF THE THESIS
The broad content of the thesis has been given above, 
and the work will be described in more detail in the 
chapters which follow. The development of the 
apparatus will be described in Chapter 2, the 
description being treated historically, so as to 
show how experience has been fed back as design 
improvements. This helps to give continuity to 
Chapter 6, where possible future developments of 
the DCE'are examined. An outline of the experimental 
programme is given in Chapter 3.
Theoretical aspects of the work are described in 
detail in Chapter 4, to which chapter reference 
is made from Appendix I, where the computer programs 
are given. Chapter 5 contains comparisons between 
experimental and performance predictions obtained 
for the matching analysis.
Possible future developments of the DCE are considered 
in Chapter 6, where the matching analysis is extensively 
used. Other uses of this analysis are also presented in 
the same chapter. Conclusions and possible applications 
of the work are discussed in Chapter 7, finally, suggestions 
for further work are given in Chapter 8.
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Appendix I has already been mentioned, and contains listings 
of the programs used in the work. The variables used in 
the program are defined, and the structure of the programs 
is brought out by means of references to Chapter 4,
Appendix 2 contains an examination of the effect of 
neglecting exhaust pressure pulses, using two versions 
of a very detailed cycle synthesis program. This 
Appendix is referenced from Chapter 4, where various 
treatments of exhaust systems are discussed.
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2.1 INTRODUCTION
The experimental apparatus, a laboratory version of 
the differential compound engine, was developed jointly 
by the author and Dr. P. C. Few. The author was 
responsible for part of the original design and 
development work, and assisted in all of the testing 
reported here. Few(5) has already published a 
detailed account of the development of the apparatus 
in its earlier form and it is not considered 
necessary to repeat such a detailed description 
here. Instead, the apparatus as originally built 
will be described, and the successive modifications 
detailed separately. In this way, the historical 
development of the apparatus will be traced, and 
continuity given to Chapter 6, where possible 
future developments of the DCE are discussed.
2.2 ORIGINAL VERSION OF THE APPARATUS
The original version of the experimental apparatus 
is illustrated in Figure 2.1. Note that only one 
turbine was fitted, as it was planned to add the 
auxiliary turbine at a later date. The major 
components of the apparatus will be described first, 
after which the gas flow systems, services, 




The engine used in the rig was the 
well known Rootes TS 3. This is a 
three cylinder opposed piston unit 
with one crankshaft. The pistons
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are coupled to the crankshaft by means 
of rockers, the arrangement of which 
gives the desired exhaust piston lead.
Fuel is injected by one single hole 
injector per cylinder, fed from a CAV 
in line fuel pump. Leading particulars 
of the engine are given in Table 4.1.
Certain modifications were made to 
adapt the engine for experimental 
purposes, and for the higher loadings 
expected;
1. The standard oil pump was removed 
and replaced by an electrically 
driven external pump. The oil 
system was also provided with an 
oil-to-water cooler.
2. The standard two-piece pistons were 
replaced by one-piece cast iron 
pistons, having a somewhat deeper 
bowl, which was machined out to 
give a nominal compression ratio of 
14/1. These pistons were cooled by 
a spray of oil from the small end of 
the piston rod directed onto the 
underside of the bowl. The standard 
piston ring pack was retained.
3. An indicator fitting was provided in 
number one cylinder. This was based
on the arrangement devised by Wright( 3) 
and is illustrated in Figure 2.2. The 
fitting consists of a generously sized 
steel machining screwed into the liner 
on the injector centre line. The 
arrangement had the merit of giving
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a short gas passage from cylinder to 
transducer, with consequent freedom 
from resonance effects.
4. The fuel pump was modified in two ways: 
the governor was disconnected completely, 
and the fuel rack manually controlled; 
and the standard 8 mm diameter plunger 
elements were replaced by 10 mm diameter 
elements, giving higher potential fuel 
flow rates.
Apart from a tendency to b u m  pistons, the 
engine has proved to be reliable at loadings 
up to twice those anticipated by the 
manufacturers.
2,2.1.2 Gearbox
The main epicyclic gearbox was connected to 
the engine by a shaft with Layrub flexible 
couplings. The shaft was instrumented for 
torque measurement. The gearbox was 
manufactured by W. H. Allen & Company to 
a design prepared by Perkins Engines 
Company. The performance of the epicyclic 
gearbox discussed more fully in Chapter 4, 
may best be summarised by giving input and 
output speeds at design point and at output 
shaft stall. Such a tabulation is given in 
Table 2.1. Connections were provided on the 




Two compressors were attached to and driven 
by the main gearbox. They were Godfrey SRM, 
Type 208, Lysholm positive displacement 
compressors. Two were fitted only because 
the mass flow of one unit would have been 
inadequate for the engine's needs. Positive 
displacement units were specified because 
their linear mass flow/speed relationship 
matches very well with the requirements of 
the differential concept. Characteristics 
of the compressors are discussed more fully 
in Chapter 4, where a limited calibration of 
the compressors is also given. The compressors 
were modified so that oil would drain correctly 
when the outlets pointed downwards, a non­
standard arrangement.
2.2.1.4 Brake
A conventional water brake was fitted to the 
output shaft of the gearbox, connected to 
the gearbox by a shaft with Layrub flexible 
couplings. The brake was a Heenan and 
Froude Type DRY 5. A torque strap was 
available, which, when fitted, allowed 
torque at stall to be taken. A disc 
brake was mounted on outrigger bearings 
to the rear of the hydraulic brake, allowing 
the output shaft to be locked completely, 
a necessary feature for starting and stopping.
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2.2.1.5 Turbine
One turbine was fitted to the original 
rig, connected through the main gearbox 
to the output shaft. The gear ratio was 
20.3/1. The turbine was a Napier Type CO 45 
with nozzle ring and rotor cropped axially 
to reduce swallowing capacity, in order to 
match engine delivery at design point. 
Dimensions of the CO 45 turbine are 
included in Table 4.6, Chapter 4.
2.2.2 Gas Flow Systems
Three gas flow systems were provided in the original 
version of the DCE. These were the engine air supply 
system, the engine exhaust system, and the excess air 
disposal system. The salient feature of each may best 
be described separately.
2.2.2.1 Air Supply
The air supply to the compressors was 
originally ducted from outside the laboratory, 
in an attempt to silence the considerable 
whine of the compressors. This ducting 
system proved, however, to have an unacceptably 
high pressure loss, and a simple intake is 
the laboratory was substituted. With this 
arrangement, care had to be taken to ensure
that the temperature in the test cell did 
not rise above 80 °F, as this on one 
occasion led to seizure of a compressor.
Page 15
Compressed air from the compressors was fed 
into a plenum chamber beneath them. This is 
indicated in Figure 2.3, which is a diagram 
of the entire gas flow system of the rig. From 
the plenum chamber, air was led, using low 
loss vaned turns and large bore piping, to 
an air/water cooler from which the air was 
passed through flexible bellows to the 
engine air chest. Pressure losses between 
compressor and engine were generally in 
the order of 0.5 - 2.0 Ibf/in^.
A tap for the injection of ether, a cold 
starting aid, was provided in the air line. 
Cooling air was bled from the air supply 
to the turbine, an orifice being provided 
to meter this flow. Air was used lightly 
to pressurise the compressor oil system, 
to ensure correct draining.
2.2.2.2 Excess Air System
In the original concept of the differential 
compound engine, with fixed geometry turbines, 
considerably more air was produced at output 
shaft stall than could be handled by the 
engine and turbine without excessively high 
pressures being produced. The excess air, 
or auxiliary,turbine was not initially 
fitted, so arrangements were made to 
bleed surplus air to waste, through an 
opening on the main air plenum chamber.
This opening became of importance when the 
auxiliary turbine was fitted.
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2.2.2.3 Exhaust System
The exhaust system of the rig was designed 
to couple the engine to the main turbine 
with a low pressure loss, and to damp out 
the exhaust pulsations. Wallace(13) had 
suggested that at the proposed design 
pressure ratios of 3 : 1 or 4 : 1, more 
efficient use of exhaust gas energy could 
be made by damping out pressure fluctuations, 
so that the turbines could operate in the 
more efficient constant pressure mode. 
Accordingly, the exhaust was provided with 
an optimum diffuser leading to a large 
(2 ft^) plenum chamber, from which the 
two entiy turbine was fed. The system 
was so designed that it could readily be 
extended to cater for different coupling 
arrangements between the engine and gearbox.
A butterfly valve was incorporated, so as 
to provide a variable restriction in the 
exhaust. The function of this valve is 
discussed in 2.2.5 below.
The exhaust from the turbine was kept to 
the same diameter (6 in) as the rotor exit 
diameter, and large-radius bends were 
specified for low losses. The gas was 
exhausted through a large silencer to 
atmosphere. Pressure losses across the 
turbine exhaust never exceeded 0.5 Ibf/in^, 
and normally were negligible,
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2.2.3 Services
Services utilised by the rig were water, fuel and 
lubricating oil. A diagram of the liquid flow 
circuits is given as Figure 2.4. Water, fuel and 
oil will be dealt with separately.
2.2.3.1 Water
The Mains water supply to the test cell 
was inadequate to dissipate the considerable 
heat rejection of the rig, so a closed- 
circuit system was developed. Water was 
circulated by pump from a large external 
evaporative cooler. Components which 
needed water were the engine, brake, two 
oil to water coolers, and the air to 
water cooler. The cooler and brake were 
provided with simple feeds as illustrated, 
but the engine cooling system was of 
the 'make-up' type, with a header tank 
and a separate pump. After use, all 
water was returned to the external 
cooler. Evaporative losses were made 
up from the mains automatically. An 
electrical water heater was fitted in 
the engine circuit as a starting aid,
2.2.3.2 Fuel Oil
Fuel oil was fed by gravity from a 
service tank mounted outside the test 
cell to the engine's lift pump.
Incorporated in the fuel supply was a 
one litre burette, which was normally
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bypassed. When fuel flow measurements were 
required, supply was taken from the burette, 
and a volume flow measured. The fuel 
system from the lift pump on was standard 
except for the injector pump modifications 
mentioned in 2.2.1 above. Fuel spill was 
fed back into the system downstream of the 
burette, thus avoiding errors in measure­
ment. As a safety precaution, solenoid 
operated valves were fitted in the fuel 
line, to cut off the supply of fuel 
should the electricity supply to the test 
cell fail.
2.2.3.3 Lubricating Oil
The modifications made to the engine 
lubricating oil system have been mentioned 
earlier. The engine driven pump was 
removed and replaced by an electrically 
driven external pump in series with an 
oil-water heat exchanger and the standard 
fitters. A bypass system allowed pressure 
to be set at any desired value. The 
gearbox had a separate electric pump and 
cooler, and in addition a large settling 
tank beneath the gearbox. The main 
turbine and compressors were lubricated 
from the gearbox. The compressor oil 
drains were modified to allow them to 
exhaust air downwards, and the bearings 




The rig was comprehensively instrumented to record 
all the relevant steady state values, and in 
addition facilities were available to record some 
time varying parameters, such as cylinder pressure. 
Steady state instrumentation will be discussed 
first,
2.2 .4.1 Steady State i
The steady state parameters of interest 
were temperature, pressure, torque, speed, 
air mass flow, fuel flow, and power. A 
diagram showing the points at which these 
values were recorded is given as Figure 2.5. 
Temperatures were measured by mercury in 
steel dial type indicators, and pressures 
by frequently calibrated bourdon type 
gauges; or, for low pressures, by water 
manometers. Engine torque was measured 
by a optical torquemeter which converted 
angular strain of the layrub shaft into 
a steady optical deflection. Output 
power was measured by the hydraulic 
brake mentioned above. Speed was given 
by conventional indicators on the brake 
and engine, and in addition by a 
Jacquet tachoscope driven by the engine.
This is a revolution counter combined 
with a stop watch having a common start/ 
stop mechanism. The stop watch was used 
for the fuel flow measurement, and the 
number of revolutions during this period 
gave engine speed. It was necessary 
to use a flexible coupling between engine 
and tachoscope, and torsional oscillation 
in this coupling proved .detrimental to 
the tachoscope. Use of the tachoscope 
as a speed indicator was eventually 
abandoned.
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The original intention was to measure air 
mass flow by means of a preston meter(14) 
in the air supply line. In practice, 
however, it was found that the air velocity 
in the supply system was not great enough 
to give a readily measurable deflection 
on a water manometer. The air aupply 
preston meter was accordingly abandoned, 
and recourse made to a preston meter 
fitted in the main exhaust, after the 
silencer. Velocities here were higher, 
and manometer deflections were measurable, 
though still not with wholly satisfactory 
accuracy. Fuel volume flow was measured 
by a one litre, burette in the supply line, 
installed as described in 2.2.3.2. Fuel 
density was taken during each test to 
convert volume flow to mass flow. Calorific 
value was assessed using a bomb calorimeter. 
Output shaft power was measured using the 
hydraulic brake mentioned in 2.2.1.4 above. 
Peak cylinder pressure was monitored using 
a balanced disc type transducer, with a 
compressed nitrogen supply.
2.2.4.2 Rapid Response Instrumentation
A number of parameters were measured by 
rapid response transducers. These were 
used mainly by Few in connection with 
fuel injection optimisation studies, but 
will be outlined here. Cylinder pressure 
was measured by a water cooled strain 
gauge type transducer in the indicator 
fitting shown in Figure 2.2. A 
instrumented fuel injector fitted to 
cylinder one gave indications of fuel 
line pressure and injector needle lift.
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Finally, exhaust pressure was monitored 
by a water cooled inductive transducer 
fitted in the exhaust. Unfortunately, 
this last was sited so as to miss the 
pressure pulse from number three cylinder, 
and the results were of only limited value. 
The output from these transducers was 
processed by a Southern Instruments 
MRE 122 indicator apparatus with four- 
beam oscilloscope, and recorded on a 
drum camera. Revolution and degree 
markers for use with the indicator 
apparatus were mounted on the front of 
the crankshaft.
2.2.5 Control Arrangements
Control arrangements on the rig were deliberately 
kept simple. Engine fuel input and hence engine 
speed were controlled by a simple lever attached 
to the fuel rack, the governor having been 
removed. Output shaft speed was fixed by the 
hydraulic brake. With engine and output shaft 
speeds fixed, compressor speed was fixed, and 
hence airflow also was fixed. Limitation of 
engine boost was achieved by opening the bppass 
valve, and bleeding to waste any excess air.
If engine airflow, and hence pressure drop, 
became excessive, engine flow was restricted 
by a second control valve in the engine exhaust.
This was intended mainly for use when the 
auxiliary turbine was in operation. Bypass 
flow and hence auxiliary turbine torque could 
be maximised by restricting engine flow to a 
minimum consistent with safe operation.
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2.3 ADDITION OF PULS COUPLING
The first modification made to the rig was the addition 
of a flexible coupling between the engine and gearbox.
This was added as a result of experience operating the 
rig. When the engine was rotated without firing, when 
starting and stopping, for example, a loud clatter 
from the gearbox was heard. This proved to be a 
resonance effect on the gearbox backlash caused by 
the torque reversal inevitable when an engine is 
motored. The problem was alleviated, but not cured, 
by fitting a Puls coupling, with non-linear stiffness, 
between the engine and gearbox. Fitting this coupling 
involved modifying the engine flywheel and fitting 
an outrigger bearing mounted on the engine clutch 
housing. The coupling has been in use ever since 
and has proved to be reliable and effective,
2.4 ADDITION OF AUXILIARY TURBINE
The first major modification to the rig was the 
addition of the auxiliary turbine,
A supply of air to the auxiliary turbine had been 
planned as part of the compressor plenum chamber, 
and a mechanical connection had also been provided 
at an appropriate place on the gearbox. These 
facilities were, however, planned on the assumption 
that the auxiliary turbine would be a specially 
designed three-stage axial flow unit. Characteristics 
suggested for this component are given in figures 
4.10 and 4.11, and the unit is discussed in more 
detail in Chapter 4. After a cost analysis, it 
was found that the design of such a turbine would be 
prohibitively expensive, and an alternate arrangement 
was sought. The suggestion eventually adopted 
originated from Perkins Engines Company and 
consisted of substituting for the axial flow turbine
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a radial inflow unit coupled to a hydraulic torque
converter. This scheme was financially possible, and
the installation of these components, together with
their associated control arrangements, and instrumentation,
was undertaken. The radial inflow turbine naturally
had a very different mass flow characteristic from
the projected three stage axial, and both this fact
and the requirements of the torque converter necessitated
interposing an auxiliary gearbox between the turbine
and torque converter. The additions to the system
will now be described in more detail, the general
plan of the description following that of Section 2.1.




The auxiliary turbine was a Napier CO 45 
very similar to the main turbine. The 
only difference between the two lay in 
a small difference in axial cropping 
of the nozzle ring. Leading particulars 
of the turbine are given in Table 4.6, 
Chapter 4.
2.4.1.2 Auxiliary Gearbox
The auxiliary gearbox was manufactured 
by the David Brown Gearing Company, with 
a reduction gear ratio of 10.68/1.
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2.4.1.3 Torque Converter
The torque converter was a Elender Elba 
Type 6029. This had the very high 
maximum torque conversion of 65/1.
2.4.2 Gas Flow System
Since the turbine was not installed in its 
anticipated position, a complicated air flow 
system had to be devised. The design eventuailly 
adopted and built is shown schematically in 
Figure 2.6. The butterfly valve was used as 
space would not permit a gate valve to be 
installed. This valve was used to govern the 
division of air between the engine and 
auxiliary turbine. The sharp bend was 
designed with low loss vanes according to 
KrSber theory(15). A plenum chamber entry 
to the turbine was adopted for flexibility 
of assembly. The exhaust from the turbine 
was led through a large diameter bend to 
atmosphere through a silencer.
2.4.3 Services 
Lubricating Oil
The torque converter, auxiliary gearbox and 
turbine all required oil supplies. The 
auxiliary gearbox oil supply also fed the 
turbine and was common with the main gearbox 
oil system. The torque converter had its own 
oil pump, cooler and settling tank, and the 
system was arranged so that pressure could be 
varied up to 80 Ibf/in^.
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2.4.4 Instrumentation
The parameters of interest that could not be 
measured by existing instrumentation were 
auxiliary turbine speed, torque, airflow and 
pressure ratio. Auxiliary turbine torque was 
not measured directly, but could be obtained 
by subtraction, as the auxiliary turbine could 
readily be uncoupled from the output shaft.
Auxiliary turbine speed as measured by a 
proximity transducer and digital counter.
Airflow was measured by a second preston 
meter in the auxiliary turbine exhaust. Due 
to low flow velocities, the measurements taken 
with this meter were never used. Pressure 
upstream of the turbine was measured by a 
c'onventional bourdon type gauge.
2.4.5 Control Arrangements
The control valve in the air system has already 
been mentioned. This was used to regulate the 
division of air between engine and auxiliary 
turbine. It was not on its own sufficient, 
to set pressure levels as well as flow rates, 
and the engine airflow was regulated to a 
considerable extent by the swallowing capacity 
of the main turbine. This deficiency was 
corrected by the valve in the main exhaust 
system, mentioned in 2,2.2.3. Using the two 
valves, air supply to the engine could be 
reduced to a minimum, and auxiliary turbine 
output maximised. Auxiliary turbine speed 
could be regulated to some extent by varying 
the pressure in the torque converter, but 
control exercised in this way was uncertain.
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For this reason, the output shaft was never released 
with the auxiliary turbine coupled, as runaway speeds 
in the turbine would have been the probable result.
A clutch on the gearbox allowed the auxiliary turbine 
to be uncoupled when not in use. It was then locked 
by a strap, and used for bleeding excess air to 
waste,
2.5 CONVERSION TO VARIABLE GEOMETRY TURBINES
2.5.1 Conclusions Drawn from Operating Experience 
with Fixed Geometry Turbines
The differential compound engine was conceived 
originally with fixed geometry turbines, and was, 
as has been described above, built up with two 
such turbines, A fixed geometry turbine has a 
mass flow capacity which depends on speed and 
pressure ratio only. If, at a given speed and 
pressure ratio, it is required to pass more 
flow, the extra flow can only be accommodated 
by a reduction in speed or increase in pressure 
ratio. Although the engine tends to act as a 
nozzle in the gas flow system, generally it 
is found that the turbine is the dominant 
component in the system, which determines 
overall mass flow and pressure ratio. In the 
differential compound engine, at a fixed engine 
speed, compressor speed varies inversely with 
output shaft speed. Gearing is discussed more 
fully in Chapter 4, but reference to Figure 4.37 
will clarify the epicyclic gear relationships.
Turbine speed varies in proportion to output 
shaft speed, and since with a radial inflow 
turbine swallowing capacity rises as speed 
falls, a favourable trend is found.
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Ideally, the turbine should accept all the extra 
mass flow from the compressor without excessive 
pressure build up at the engine. In practice 
this is not possible, and some air has to be 
bled to waste. This procedure is obviously 
thermodynamically wasteful, but seemed to be 
unavoidable. It so happened that the character­
istic originally assumed for the Napier CO 45 
showed a very marked dependence of mass flow 
upon speed (see Figure 4.12), which would have 
rendered the thermodynamic loss due to bleeding 
to waste acceptable.
Experience in operating the rig led to the 
conclusion that turbine swallowing capacity 
far exceeded that anticipated, despite the 
nozzle and rotor cropping. In order to achieve 
acceptable engine pressure ratio, some way of 
reducing swallowing capacity was sought. Further 
nozzle ring cropping was impracticable, so parts 
of the nozzle ring were blocked with wedges. First 
five were tried, then then. Both turbines were 
treated in this way. This expedient reduced 
turbine capacity to an acceptable level, but it 
then became apparent that turbine mass flow was 
not speed dependent to any measurable extent, 
with the result that very large amounts of air 
were being bled to waste in the part of the 
speed range where excess air could not be used 
by the auxiliary turbine. This point is discussed 
more fully, with reference to the experimental 
results in Chapter 5.
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As a result of the considerations outlined above, 
the conclusion was reached that some form of 
variable mass flow acceptance should be built 
into the turbines. The easiest arrangement to 
incorporate into radial inflow turbines is 
a nozzle ring with swivelling vanes. A simple 
one-dimensional turbine analysis developed to 
investigate this arrangement, see Section 4.7.3, 
Chapter 4, showed that very large changes in 
mass flow could be accommodated, so manufacture 
and installation of two variable geometry 
turbines was undertaken. Consideration of the 
operation of the DCE with variable geometry 
turbines led to the conclusion that all the 
available flow should be put through the more 
efficient of the two turbines at any output 
shaft speed, both being geared to the output 
shaft. In this way, two radial inflow turbines 
could be used, the torque converter eliminated, 
and a favourable output shaft torque conversion 
retained.
Although all available mass flow could now be 
accepted by the turbines, passing all this flow 
through the engine would lead to very large 
pressure drops. It was therefore decided that 
excess air should be bypassed round the engine, 
mixing with the engine exhaust before entering 
the turbine. This would enable the engine to 
be run at fixed scavenge ratio and boost ratio, 
limited only by available air. The resultant 
freedom of operating schedule was regarded as 
an attractive feature of the conversion to 
variable geometry turbines.
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Since mountings and gas flow systems had already 
been designed to suit the Napier CO 45 turbines, 
it was logiccQ. to convert these turbines to 
variable geometry operation. The conversion was 
designed by an outside consultant. Peregrine and 
Partners, and manufactured locally. The changes 
necessitated by fitting these turbines will now 
be described in more detail.
2.5.2 Major Components -
2.5.2.1 Turbine
Both main and auxiliary Napier CO 45 
turbines were converted to variable 
geometry operation. The conversion 
consisted in essence of removing the 
existing fixed nozzle ring and replacing 
this with a ring of swivelling vanes.
The vanes were arranged to swivel so 
that their angle could vai^ between 
fully closed and 20° fully open. The 
actuating mechanism consisted of a 
verge ring, attached to the vanes by 
clock spring links. A small rotation 
of the verge ring was thus transformed 
into a larger rotation of the vanes.
Pegs were provided on the verge ring 
to allow an external actuating mechanism 
to be attached. A simple mechanical 
screw type actuation was provided. A 
diagrammatic representation of the 
mechanism is given in Figure 2.7. The 
variation in mass flow acceptance, and 
the consequent change in shape of the 
characteristics, is discussed more fully 
in Chapter 4, Section 4.7.3.
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2.5.2.2 Gearing
A discussion was given in Section 2.5.1 
of reasons for the removal of the torque 
converter originally fitted, and direct 
gearing of the auxiliary turbine to the 
output shaft. This implies a return to 
the original gearing system which 
envisaged an axial flow auxiliary turbine. 
The proposed axial turbine was a 
comparatively low speed unit (30,000 rev/min 
maximum) and the gear ratio built into the 
gearbox was too low. Regearing was 
essential, and in the interests of 
economy, it was decided to retain the 
David Brown auxiliary gearbox and place 
this between the turbine and main gearbox. 
The turbine/output shaft gear ratio 
achieved in this way was 50.5/1, The 
relation of this ratio to an optimum 
is discussed in Chapter 6.
2.5.3 Gas Flow System.
The gas flow system was redesigned to meet the 
requirements outlined in Section 2.5.1 above. The 
requirement was that all available flow should be 
passed through either of the turbines at will, and 
that provision should be made for bypassing the 
air cooler and engine. This requirement was met 
by adding a pipe between main and auxiliary turbine 
entrance plenum chambers. The existing control 
valve between the compressor plenum chamber and 
the auxiliary turbine plenum chamber was retained.
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The control valve in the engine exhaust was removed 
as it no longer served any useful purpose. The 
gas flow system is shown in Figure 2.8 which shows 
the revised plant layout.
Gas may pass in either direction along the pipe; 
the turbine nozzles being used to control direction, 
as they proved to be capable of sealing completely. 
Bypass ratio could be controlled by means of the 
valve between the compressors and auxiliary 




The existing oil supply to the turbines and 
auxiliary gearbox was retained , unchanged. No 
provision was made for lubricating the nozzle 
blade spindles, an omission that has proved 
to be troublesome in practice, as the spindles 
are prone to seizure.
2.5.5 Instrumentation
No major changes in instrumentation were entailed 
by the change to variable nozzle turbines. Since 
the auxiliary turbine was directly geared to the 
output shaft, its speed was found from the gear 
ratio, and no longer measured.
Page 32
2.5.6 Control Arrangements
With variable geometry nozzles fitted to both 
turbines, and with arrangements for bypassing the 
engine, the operating line of the engine could 
be varied within very wide limits. Any combination 
of boost ratio and scavenge ratio for which air 
was available could be adopted, and either turbine 
could be used, to give optimum torque at the 
output shaft. Further, with the directly geared 
auxiliary turbine, it became possible to test the 
unit at low output shaft speeds without fear of 
auxiliary turbine runaway.
It was found that the turbine nozzle rings would 
close completely to give an effective gas seal, 
allowing the variable nozzle mechanism to be used 
to govern which turbine was operative. The 
general pressure level of the engine system was 
then set by the nozzle opening of the operative 
turbine. Engine scavenge ratio was set in terms 
of pressure drop by adjusting the valve between 
compressor and auxiliary turbine. Nozzle ring 
setting and control valve position influenced 
each other, and it was found that a desired 
operating condition had to be set up iteratively.
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2 .6 SUBSEQUENT MODIFICATIONS
There have been a number of changes to the DCE rig 
since variable geometry turbines were installed. The 
major change has been one of location, from Ashley 
Down, Bristol, to Claverton Down, Bath. No changes 
were made during reassembly in Bath, and subsequent 
tests have shown that performance is unchanged. The 
engine has been instrumented for heat balance 
measurements using thermistors and flowmeters. This 
instrumentation has been used mainly by Few. As a 
result of theoretical work on afterburning, see 
Chapter 6, a combustion chamber has been installed 
in a bypass line, and tests on this configuration 
are continuing. A start has been made on 
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CHAPTER 3 - EXPERIMENTAL PROGRAMME
3.1 INTRODUCTION
In the preceeding chapter the development of the 
apparatus was described in detail, and an indication 
given of the way in which experience in running the 
rig was fed back into modifications in the DCE concept.
In the present chapter, the experimental programme 
will be outlined, and mention made of some limitations 
in the apparatus which caused the programme to be limited 
in some respects. A brief description of experimental 
technique will be given with a presentation of the 
ranges within which the experimental results lie.
The test results themselves are given in Chapter 5,
Tables 5.1 to 5.11, where they are compared with 
predicted performance and discussed in detail.
3.2 THE EXPERIMENTAL PROGRAMME
The objective of the experimental programme as it 
concerned the author was to explore the behaviour 
of the differential compound engine as fully as 
possible, and to confirm or otherwise the theoretical 
predictions on which the project was based. The tests 
fall into two major groups, coinciding with the 
two basic configurations the rig has taken.
The first sequence of tests, with fixed geometry 
turbines, has already been fully reported by Few(5), 
and also in condensed form by Wallace, Few and Cave(7).
The second series of tests, with variable geometry 
turbines fitted to the rig, is reported here in full 
for the first time. Extracts from these test results 
have, however, already been published(8),
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Both series of tests followed broadly the same pattern.
First a range of engine operating speeds was chosen, then 
for each engine speed within the chosen range, output 
shaft speed was varied within the limitations of the 
brake. The range was covered as far as possible in 
regular steps. Tests were also performed with the 
output shaft stalled, and for these tests, the auxiliary 
turbine was engaged. No attempt was made to take 
readings at low output shaft speeds with the fixed 
geometry auxiliary turbine operating. There was very 
little control over the speed of this turbine, as it 
was connected through a torque converter, and runaway 
was considered to be possible at the minimum speed of 
the brake, about 450 rev/min. After the directly 
geared variable geometry auxiliary turbine was fitted, 
this limitation was removed, and readings were taken 
with the- auxiliary turbine connected and the output 
shaft running.
The series of tests with fixed geometry main turbines 
was repeated several times, as these turbines were 
blocked to reduce their swallowing capacity. As far 
as possible, the same test points were set after each 
modification, allowing direct comparisons to be made.
The success of this series of tests may best be 
estimated from Tables 5.1 to 5.3 in Chapter 5, where 
the effect of blocking on overall pressure ratio is 
clearly seen. In order to estimate gearbox losses, 
the power turbine was removed, and the standard series 
of tests repeated. The theory of this change is given 
in Chapter 5, as is the possible gear loss and correlation 
arrived at in this way. Since the standard test sequence 
was repeated, estimates of turbine power were also 
possible, and these estimates have been processed to 
arrive at the tentative turbine loss correlation 
discussed in Chapter 5, and also mentioned in 4.7.3.3.4, 
Chapter 4.
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The tests with variable geometry turbines fitted followed 
the same pattern as those described above. The variable 
nozzles permitted very flexible choice of engine pressure 
level and scavenge ratio, however. Accordingly, boost 
ratio was treated as a major variable, and the test 
series repeated for two boost levels at each engine 
speed, and also with boost allowed to rise freely up to 
the 3/1 limit. Scavenge ratio was fixed at 1.4 for all 
the tests in this group, and was set in terms of engine 
pressure drop.
The variable geometry turbines were found to be slightly 
troublesome in use. The vanes had a tendency to carbon 
up, causing a restriction of the operating range. There 
was also a tendency for the vane spindles to sieze if 
high temperatures were reached. Finally, the clock 
spring links were rather too flexible, and led to 
uncertainty as to the actual nozzle setting.
3.3 EXPERIMENTAL TECHNIQUE
The lowered engine compression ratio of 14/1 nominal 
has already been mentioned. This low ratio, 11.8/1 
effective, necessitated the use of a starting aid.
Ether was used for this duty, and was injected through 
a tap into the air supply line between compressor and 
intercooler. To minimise as far as possible thermal 
shock on an ether start, engine water was heated 
electrically prior to starting.
The engine was started with the output shaft locked.
This practice was necessitated by a feature of the 
epicyclic gearing, which causes compressor reversal 
at combinations of high output shaft speed and low 
engine speed. For the same reason, shut down of the 
engine was always preceded by stalling the output 
shaft, as compressor reversal would have been 
disastrous .
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The engine once started was run up to about 1500 rev/min 
at a low pressure ratio and hence light load. It was 
impossible to warm up at low engine speeds because of 
the gearbox inertia and backlash problems mentioned in 
Section 2.3, Chapter 2. Low pressure ratios were 
obtained by bleeding most of the compressed air to 
waste. ■
When engine temperatures had stabilised, the output 
shaft disc brake was released. If an output shaft 
stall test were to be performed, the torque strap 
having been fixed, the pressure levels in the system 
could then be set by means of the various control 
valves. With fixed geometry turbines, pressure 
ratio was adjusted by means of the excess air valve, 
and also by means of the exhaust throttle valve, 
see Sections 2.2.5 and 2.4.5, Chapter 2. With 
variable geometry turbines, pressure levels and 
bypass ratio were set by means of the bypass valve 
and nozzle adjustments, see Section 2.5.5, Chapter 2.
The test involved a running output shaft, speed, 
load and pressure levels were interdependent and 
were set up iteratively.
A short time was allowed at each setting for 
temperatures to stabilise, after which the readings 
were taken. At some extreme conditions, spot 
readings only were taken, and no fuel or air flow 
measurements were made. These tests have been 
indicated as unreliable in Tables 5.1 to 5.11.
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After the series of tests had finished, the engine was 
allowed to cool gradually at light load, before being 
stopped with the output shaft locked. Reasons for this 
procedure have been given above, and the same procedure 
was followed even in an emergency.
3.4 TEST SETTINGS
The test settings are all given in Tables 5.1 to 5.11, 
in Chapter 5, where results calculated for each test 
point are given. The ranges within which the test 
points were set are best given in tabular form, and 
are presented in Table 3.1 below.
TABLE 3.1 - TEST SETTINGS
Engine Speed 1500, 1800, 2000, 2400 rev/min
Output Shaft Speed 0, 400 - 2600 rev/min 




This chapter will describe the theoretical work undertaken 
by the author in connection with the DCE, and the extensions 
beyond that have proved to be of general interest. The 
basic theoretical investigation has already been outlined 
in Chapter 1. It was decided, in view of the complexity 
of optimisation studies on a power unit such as the DCE, 
that a matching analysis, based on the treatment devised 
by Wallace(l), should be programmed for computer use.
The development of this matching analysis will be outlined 
here, and the very general extended version now in use will 
be described in detail. Other theoretical developments 
which have arisen from the DCE project will also be 
described: because of the paucity of experimental radial
inflow turbine characteristics, and in order to predict 
the performance of such turbines when run with varying 
inlet nozzle angles, a simple one-dimensional analysis 
of radial flow turbines has been developed. This 
treatment(ll) has been extended to include partial 
admission for two entries, and has also been compared 
with experimental results from a mixed flow turbine.
Several different turbines have been modelled by this 
treatment, in connection with the matching analysis work.
A final theoretical investigation has concerned a 
mathematical model of the Perkins 6.354 four-stroke 
engine. Different synthetic treatments of this engine 
have been compared, and on this basis a simple one­
dimensional model has been developed, and used in the 
matching analysis. This work parallels that undertaken 
by Wallace and Wright(3) in connection with the Rootes 
TS 3 engine. Since all of the theoretical work has arisen 
from the matching analysis programming study, description 
of the extensions will be treated as part of the detailed 
description of the computerised matching analysis which 
form the bulk of this chapter.
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The remainder of this chapter will be devoted to a 
consideration of matching problems and possible solutions 
to these problems. First, the need for, and possible 
applications of, matching analyses will be considered.
Then the various possible analytical approaches to the 
problem will be discussed. In the light of this 
discussion, the analytical technique chosen will be 
outlined and justified. Following this outline, the 
basic assumptions and general philosophy of the anailytical 
technique will be described, after which the system will 
be given in detail. First, the basic compatibility 
equations which define a matching point will be derived, 
both for a general system, and for the particular 
systems considered. After this, representation of 
the individual components of the system will be 
discussed. Component characteristics are used in 
solving the matching equations, and different 
representations of any component are possible; 
considerable attention has been paid to this problem. 
Finally, the utilities used in the program will be 
described. These include the representation of gas 
properties, and the array accessing routines.
All computer programs that are mentioned are given 
in Appendix I. The equations that are programmed are 
• given in this chapter, and a system of references 
allows the programs to be related to the equations.
4.2 THE PROBLEM OF MATCHING
Recent trends in power unit design requirement, such 
as legislation concerning gross vehicle weight, and 
power/weight ratio, together with the continuing 
search for improved specific output, have caused a 
tendency to form power units from combinations of 
thermodynamic components such as engines, compressors 
and turbines. The turbocharged or supercharged engine
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is perhaps the simplest illustration of this tendency, 
while a more complicated example is the DCE. When such 
power units are designed, problems of choosing operating 
points for the components arise immediately. In general, 
the component parts of the system have to be matched for 
speed, power and mass flow. Again, in general, performance 
tends to be known at design point for each component, 
and arriving at a tentative design point match for the 
unit is relatively straightforward. Power unit 
performance is, however, at least as important at 
part load as at design. In road vehicles, for example, 
the power unit normally operates at part load, and part 
load efficiency determines operating cost. Accordingly, 
prediction of part load performance is an important 
part of power unit design, and it is in the prediction 
of part load performance that the need for a matching 
technique arises.
When attempting to estimate the part load performance 
of a powef unit, a knowledge of the performance 
characteristics of each component is required. As 
soon as the unit operating point moves away from design, 
the power matching criteria and the mass flow matching 
criteria have to be satisfied in terms of component 
characteristics which have themselves changed from 
those pertaining to the overall design point. Hence 
variation of component performance has a marked effect 
on overall performance, and the design of the power unit 
has to be optimised in terms of the linking between the 
components. Since component performance has a 
considerable effect on overall preformance, component 
representation is an important part of any analysis 
that may be proposed for the solution of matching 
problems. Further, since optimisation studies are 
required, and may become very extensive in the case 
of complex systems, any proposed analysis should be 
reasonably easy to apply, and rapid in use. The 
application of digital computing techniques to the
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problem thus becomes attractive. Once a valid matching 
analysis is available, extensive optimisation studies such 
as those described in Chapter 6, may be undertaken with 
confidence. Further, the emphasis of optimisation studies 
may be changed, and power unit performance may be 
tailored to specific applications; a relatively easy 
process where a rapid analysis is available, very 
laborious without.
4.3 ANALYTICAL MATCHING TECHNIQUES
A number of analytical treatments of the matching 
problem have been proposed, but on examination they 
are found to fall into one of two broad groups : those
deriving from gas turbine matching techniques, based 
on steady flow treatments of the components; and those 
deriving from engine performance work. In the latter 
group, engine performance is treated in detail, on an 
unsteady basis, and pressure waves are frequently 
included in the analysis. The treatment devised 
by Wallace(l) falls into the first group. Examples 
of the second type have been described by WinterboneC16), 
Benson(17) and Daneshyar(18).
The analytical treatments based on gas turbine matching 
work rely basically on a pseudo-steady representation 
of the engine, similar in conception to the performance 
maps used to represent compressors and turbines. These 
performance maps are based on the pseudo-non-dimensional 
parameters generally used to present compi-essor and 
turbine performance. Dimensional analysis of a steady 
flow rotating machine with pressure change leads to the 
following pseudo-non-dimensional parameters:
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Since, for a given piece of hardware the geometrical 
parameters, A^, A3, D, ... a^, are constants, and 
for a given working fluid is constant, equation (1) 
reduces to:
= 0 (2)
Equation (2) may readily be presented as two performance 
maps, generally called characteristics:
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These two characteristics are frequently used to represent 
the performance of a turbine. Compressor performance is 
generally represented by equation (3), but equation (4) is 
replaced by a plot of efficiency:
= f I — , —  I (5)
This difference in representation has arisen because 
efficiency is the more convenient presentation of the 
power related parameter, and is always usable in the case 
of a compressor, which never operates stalled. Torque 
must be prevented for a turbine, since a turbine can 
develop torque even when stalled, with zero efficiency. 
Consideration of these compressor and turbine performance 
maps leads to a similar representation of the engine as 
a series of steady flow performance maps. The 
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(Power)g = f(N^, r^, R^, X, n^) (8)
r\^ = f(Ng, r^, R^, X, n^) (9)
Te _ = f(Ng. r^, R^. X. n^) , (10)
Thus representation of the engine was devised by Wallace(1) 
who described equations 6 - 10 as the series 1 to 5 
characteristics. Note that the compressor is considered 
as part of the engine intake system, and compressor 
efficiency is an engine independent variable, having 
essentially the same effect as intake temperature. This 
presentation, with compressor efficiency an engine 
performance parameter, allows a simple matching procedure.
Since equations 3 and 6 define the same dependent 
variable, the compressor and engine may be matched for 
mass flow by means of a simple superimposition of engine 
and compressor characteristics. The chosen operating 
point then gives a compressor efficiency, which allows 
compressor power to be evaluated. Similarly, equation 
3 for the turbine, and equation 7, define the same 
dependent variable in terms of turbine pressure ratio.
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This presentation again allows matching of engine and turbine 
to be performed by superimposition of engine and turbine 
characteristics. With the configuration matched in this 
way for mass flow, all component powers could be calculated, 
and the power balance criterion, a function of the 
epicyclic gearing, evaluated. On examination of the power 
balance situation, the mass flow match could be revised, 
and a stable operating point reach iteratively.
This graphical technique was used extensively by Wallace(l, 2) 
and also by the author. The labour involved is, as may 
be imagined, considerable, but this technique, or some 
similar treatment, probably represents the only feasible 
non computerised matching analysis.
With the growth of high speed digital computers, detailed 
treatments of internal combustion engines have been 
developed. These treatments, devised for example by 
WhitehouseC19), aimed initially at a step-by-step 
integration of the equations describing the closed 
period of the engine cycle. Later, treatments of the 
open period were devised(18,20), and linked to the closed 
period(16,17), to form a complete step-by-step integration 
of the equations describing an engine cycle. Since the 
equations describing the engine open period must 
consider in some way the manifolding and ancillary 
equipment of the engine, the linked engine synthesis 
programs form an aid to matching analysis. Exhaust 
systems are treated in three ways: pressure pulses
may be ignored, treated on a ’filling and emptying’ 
basis, with time dependence only, or treated as 
fully as. possible using the method of characteristics.
Programs of this type generally describe the turbocharged 
case only, and tend to treat the compressor and turbine 
on a simplified basis. Compressor efficiency is frequently 
assumed to be constant, and the turbine is treated as a 
nozzle, with either a constant efficiency or a parabolic 
variation of efficiency with u/c. Finally, programs of
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this type, because of their detailed treatment of the 
phenomena involved, tend to have long computer running 
times. As a result of this, no attempt has so far been 
made to make programs of this type arrive automatically 
at a matching point, necessarily an iterative process.
The most sophisticated programs function as computerised 
aids to a matching process with continual user interaction.
4.4 CHOICE OF THEORETICAL TREATMENT
When the decision was made that a computerised matching 
analysis should be developed, the choice lay between 
programming a version of the gas turbine type analysis, 
or developing some form of the more detailed analysis.
In view of the complexity of the DCE, it was considered 
desirable that the matching analysis should arrive 
unaided'at stable operating points. Further, in view 
of the large number of optimisation studies likely to 
be performed, it was obviously desirable that the treatment 
chosen should be economical in terms of computer time. The
great advantage of the more detailed analysis, that a 
knowledge of engine performance is not a prequisite of 
the matching process, was not important in the DCE 
project, as the simple cycle model given by Wallace(l) 
had been well verified by Wright(3), and a good knowledge 
of engine performance was available. In the light of 
these arguments, it was decided that a version of the 
gas-turbine-type treatment, as devised by Wallace, should 
be developed and programmed. This would give short 
computer running times, and enable matching equations 
to be solved unaided; with consequent easing of the 
burden in undertaking optimisation studies.
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The choice of the gas turbine type analysis involved one 
major approximation in exhaust pressure pulses had to be 
neglected. It is, in fact, the neglect of pressure wave 
phenomena that enables the great savings in program 
running time to be made. Wallace(13) suggested that at 
turbine pressure ratios of more than about 2.2, exhaust 
pressure waves are better damped out, as turbine efficiency 
is improved, more than compensating for the loss of 
pressure pulse energy. On this assumption, the exhaust 
system of the DCE was designed on constant pressure 
principles, and the approximation was regarded as 
justified. Experience with the experimental apparatus 
has since suggested that the figure of 2.2 is probably 
too low. The magnitude of the error involved in the 
assumption where pressure pulses are definitely present 
is not at present clear. A purely theoretical 
contribution to this problem is given in Appendix II, 
while an experimental and theoretical programme of 
work is suggested in Chapter 8 .
4.5 FIRST ATTEMPT AND SUBSEQUENT EVALUATION
The ’pseudo-steady’ treatment devised by Wallace was, 
as has been mentioned, derived from gas turbine 
performance work. The first matching program written 
by the author relied heavily on gas turbine practice, 
and was written in a programming language developed 
specially to facilitate gas turbine performance work.
This language. Scheme C, was devised by Bristol 
Siddeley Engines Limited, for use on their KDF 9 
computer. An abstract of the language is given in 
Appendix I, but the salient points may be mentioned 
here. All normal arithmetic operations are allowed, 
the instruction set and syntax resembling those of 
FORTRAN. Maemonic variable names are not, however, 
permitted. The chief feature of the language is the
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provision that is made for storing and accessing arrays. 
Graphical performance characteristics, of the type 
represented by equations 3 and 4 above, may be given 
as arrays having from one to three independent variables 
Values of the dependent variable are presented on a 
standard form (Figure 4.1), from which the numbers are 
transferred to paper tape. The tape containing all the 
graphs is read by one instruction and the graphs are 
ordered and stored automatically. A value is obtained 
from an array by means of a simple command defining 
values of the independent variables. Linear inter­
polation is used, and extrapolation is not allowed.
The matching program written in Scheme C is given in 
Appendix I. The presentation of engine turbine and 
compressor performance was based very closely on that 
given by Wallace(l). Arrays with five or six 
dimensions(6-10) were simplified down to three 
dimensions by having a set of arrays for each engine 
speed (Ng = 1500, 2000, 2500 rev/min), and for each 
value of compressor efficiency (n^ = 0.3, 0.5, 0.7,
0.9). Turbine pressure ratio was removed from array(7), 
and presented as a function of the primary engine 
parameters, in a separate array. The program dealt 
specifically with the DCE, fitted with fixed geometry 
turbines. The Scheme C program was used to prepare 
performance forecasts for the DCE operating at 
pressure ratios of 3/1, and 4/1. Results plotted 
from these predictions are given in Chapters 5 and 6.
A number of lessons were learned from the work on the 
Scheme C program, and when the ICL 4.50 computer 
became av ai. lab le at Bath University, it was decided 
that an improved version of the matching program 
should be written, incorporating improvements based 
on experience. The improvements considered to be 
desirable may best be tabulated:
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(1) It was considered desirable that the analysis should 
be programmed in a high-level, recognised computer 
language. Although effective on the Bristol Siddeley 
KDF 9 computer. Scheme C could not be transferred
to any other machine, and its low level in any case 
made the program logic difficult to follow.
(2) The Scheme C program was written as a continuous 
sequence of instructions. This was efficient in 
terms of program execution time, but made any 
changes, for example in component type, laborious.
By splitting up the program into subroutines, more
or less following the division of the actual hardware 
of the DCE, component changes could be accommodated 
easily. Further, program logic could be simplified 
and made easier to follow.
(3) The graph or array interpolation routines which 
were a feature of Scheme C included a check on 
extrapolation beyond the limits of the arrays.
Any request for extrapolation caused program 
failure. This feature proved in practice to
be extremely troublesome. Solution of the 
matching equations was an iterative process, 
involving a guessed starting point. It was 
found that during an iterative process, the 
bounds of the arrays were frequently too narrow 
causing failure. Had extrapolation been allowed 
the iteration would have continued and arrived 
at a matching point well within the limits of 
the arrays. This problem necessitated the 
constant checking for extrapolation that is to 
be found in the program. If the array accessing 
routines permitted extrapolation, iterative 
solutions could proceed unhindered, and program 
failures much reduced.
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The matching program has now evolved into a reasonably 
general technique meeting the three requirements given 
above. There have been a number of intermediate stages; 
subroutines, for example, were the last change to be 
introduced. Also alternatives to the array representation 
of components have been developed; these will be discussed 
in more detail later. The analysis is now written in 
FORTRAN IV, an internationally recognised language.
The array accessing routines are written in FORTRAN, 
and allow unlimited extrapolation. The programs have 
a subroutine structure matching the hardware being 
considered. Finally, the treatment has been generalised 
so that configurations other than the DCE may be 
analysed, A considerable amount of work has been done 
on turbocharged engines, and a small amount on pure 
gas turbines. The matching analysis in its present 
form will now be described in detail. It is not 
considered worthwhile to detail the intermediate 
stages, as the present version is considerably 
easier to follow, and equally efficient. The analysis, 
it should be noted, is a family of related programs.
The subroutines are common to all the master programs, 
but several master programs exist. This approach was 
adopted because of the apparent impossibility of 
catering in one program for the infinite number of 
combinations of components that could be devised.
The subroutine structure makes it a comparatively 
simple task to write a main program for each hardware 
configuration that is to be considered.
4.6 GENERAL CONSIDERATIONS
A number of basic points about the matching analysis 
have already been discussed. In this section, all the 
assumptions embodied in the analysis will be tabulated.
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and the basic principles that have been followed will be '
mentioned. Further, the basic aims of the analysis will 
be given, and the means adopted for satisfying these 
aims will be discussed.
Arising from the origin of the analysis, certain basic 
requirements were proposed for the computerised matching 
analysis. These requirements are summarised below:
(1) The treatment should be economical in terms of 
computer time,
(2) It should be possible to represent a given 
component quickly and easily in some machine 
accessible form,
(3) There should be provision for ready changes of 
components, to allow the performance of 
alternative configurations to be assessed,
(4) The treatment should be written in a standard 
programming language.
In order to meet these basic requirements, a number of 
assumptions were made. These assumptions are tabulated 
below, and were applied as consistently as possible.
The basic assumptions were :
(1) Steady state operating points only would be considered,
(2) The effect of pressure waves in pipe systems should 
either be ignored or represented ’pseudo-steady* 
component characteristics.
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(3) A simple one-dimensional approach should be applied 
wherever possible. Such a treatment was available 
for the engine(l) and has been developed for radial 
flow turbines(11), A similar treatment for compressors 
is under development at Bath University(21),
With the aid of these assumptions, particularly the second, 
ignoring pressure waves, the first requirement above was 
met. The second requirement was partly met by the application 
of one-dimensional treatments where possible. Components 
not amenable to this approach were represented by arrays 
based on those described in Section 4.3 above. The routines 
developed for accessing these arrays had very low execution 
times, which also helped in meeting the need for low program 
running times. The need for easy changes of component type 
or size has been accommodated by developing a ’plug-in’ 
program structure, where each component is represented by 
a separate FORTRAN subroutine, and program structure 
closely follows that of the physical system being modelled.
The suite of programs is written in FORTRAN IV, a generally 
recognised language.
With these general considerations borne in mind, the analysis 
may be discussed in more detail,
4.7 DETAILED DESCRIPTION OF THE MATCHING ANALYSIS .•
In this section the suite of matching analysis programs will 
be described in detail. The programs themselves will not 
be given here: they may be found in Appendix I, A
system of references by equation and paragraph numbers 
allows program logic to be followed.
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First, in this detailed description, consideration will 
be given to setting up the basic compatibility equations 
for a given system. The compatibility equations will then 
be derived for each configuration that has been treated.
This general discussion will be followed by a discussion 
of component representation, each component type being 
treated separately. The linking programs will also be 
discussed, and the section will conclude with a 
description of the various utilities, such as array 
access routines, that have been developed for the work.
4.7.1 Derivation of Compatibility Equations
4.7.1.1 Basic Modelling of System
Combustion engine systems presented for analysis 
can be very complicated, and accordingly some 
thought has been given to the techniques which 
may be used to set up the basic compatibility 
equations, to be solved in terms of the component 
representations which will be discussed later.
A typical system presented for analysis is 
given in Figure 4.2. The first step in 
setting up the analysis is to identify links 
between the components, Links may be of two 
sorts, mechanical and thermodynamic. A 
thermodynamic link is a flow of gas. Thermo­
dynamic and mechanical links are found to 
form chains, and the second step in the analysis 
consists of identifying chains of such links. 
These chains are indicated in Figure 4.2. For 
each chain of mechanical links, an equation 
embodying some speed/power relationship may be 
derived. In the case of chains of thermodynamic 
links, beginning and ending at atmosphere, mass 
flow continuity has to be satisfied for each 
separate link between components, and an equation 
of continuity may be written for each separate chain,
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This overall continuity equation is solved in terms 
of pressure ratio as EAp = 0, Solution proceeds 
iteratively: a tentative operating point is chosen,
and the consequences in terms of mass flow are 
calculated. The guessed operating point is adjusted 
until mass flow continuity is satisfied, after 
which the power balance criterion is examined.
On the basis of any error in the power criterion, 
an operating point closer to the solution is 
estimated, the process repeating until stability 
is achieved. The iterative technique used is 
the method of false position(22) a modification 
of Newton’s method. Iterative techniques are 
discussed more fully in Section 4.7.8, where 
program utilities are described.
The equations suggested above define a stable 
operating point. If the dynamic behaviour of 
the system were required, a set of equations 
describing the system inertia would be added, 
and the equations solved on a quasi-steady 
basis. The period could well be one engine 
cycle which has the merit of realism, as the 
matching conditions change in an essentially 
quasi-steady manner.
4.7.1.2 Specific Systems Considered in Detail
In the light of the general discussion given 
above, the matching equations which have been 
programmed and solved will now be derived.
Two basic systems have been treated, the DCE 
and the turbocharged engine. There have been 
two basic versions of the DCE (see Chapter 2), 
the first fitted with fixed-geometry turbines.
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the second fitted with variable geometry turbines. Each 
configuration has several operating modes which are 
initiated in response to operating limitations. The 
basic versions of the DCE will be considered separately, 
and the different operating regimes will emerge in 
the discussion.
4.7.1.2.1 DCE with Fixed Geometry Turbine
The system is given diagramatically in Figure 4.3.
The equations defining component operating points 
are based on those given by Wallace(l), and are 
developed from equations 3 - 1 0  above. Mass flow 
is given by:
= f(r^, N^) (11)c c c
Mg - f(Ng, r^, R^, X, T^) (12)
M^ = f(r^, N^) (13)
With a geared connection between components, once 
engine and output shaft speeds are assumed, all 
component speeds are known. In the case with no 
bypass, boost ratio is assumed, and compressor 
mass flow obtained from equation (11). Engine 
inlet temperature is also now defined. With a 
further assumption of trapped air/fuel ratio, 
and scavenge ratio, engine operation is defined,
12, and
E„i = Mg - Mg (W)
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The error given by 14 is reduced to zero by varying 
scavenge ratio. Then,
reduced to zero by varying boost ratio, 14,
15, being repeated for each estimate. Mass flow 
continuity is now satisfied, and component power 
may be evaluated, and
Ep = f(«E' Kos) (IG)
(see Section 7.7,7 for exact relationship)
Ep is reduced to zero by varying R^, 14, 15, 16 
being repeated for each estimate. With Ep and 
E^ both zero, the stable operating point is 
defined.
If' a limit is placed on boost ratio, bypass is 
needed. The operating point without bypass is 
found first, 14 - 16 above, then boost ratio is 
set to the limit, defining compressor operation,
11, and scavenge ratio is assumed, defining engine 
operation, when
M^ = M^ - Mg (17)
Valve 1 pressure ratio is found iteratively from




Ej^j^ is reduced to zero by varying scavenge ratio, 
17, 18,' 19, being repeated for each estimate. With 
mass flow defined, as before
Ep - ««E* “os> <20)
which is solved in terms of trapped air/fuel 
ratio, 17, 18, 19, 20 being repeated for each 
estimate. Power of both turbines is evaluated, 
that giving the greater contribution is regarded 
as operative.
With the bypass turbine operative, it may be 
desirable to restrict engine flow to increase 
bypass flow and hence bypass turbine power. In 
this case, boost ratio and scavenge ratio are 
fixed, defining engine operation, and
Mjj = - Mg (21)
valve, pressure ratio is found as before from
Effl. = “b ■ <22)
then
E«2 «E+f - “tl <22)
which is solved in terms of valve 2 pressure ratio. 
With mass flow defined.
Ep = «Ng. N^^) (24)
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which is solved iteratively in terms of as before,
21 - 24 being repeated for each estimate. No other 
operating modes have been considered for the DCE 
scheme with fixed geometry turbines.
4.7.1.2.2 DCE with Variable Geometry Turbines
The system is shown diagramatically in Figure 4.4.
The equations defining engine and compressor 
operating points are, as before, 11, 12. The 
equation defining turbine operation is altered to
= f(r^, N^, Û2) (25)
As before, engine and output shaft speeds are 
assumed, fixing all component speeds. With 
variable geometry turbines, there is a very 
free choice of engine operating level, and 
scavenge ratio is therefore fixed at some 
optimum value (see Chapter 6). An upper limit 
is set on boost ratio. The iteration is begun 
by assuming a value for trapped air fuel ratio, 
and setting boost ratio to its upper limit. This 
defines compressor operation, and yields a value of 
engine inlet temperature. Then:
E»! = « E - « C  (26)
if Ej^ j^ is negative, boost ratio would be excessive 
if the solution were carried through, and bypass 
is introduced, with boost ratio fixed at its limit :
= Me - Mg ' (27)
which is solved in terms of bypass ratio, with a 
mixing calculation downstream of the engine:
^^+b+f ■ ^ + f  ^b
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then
^M2 ■ ”e+b+f ^t
which is solved in terms of nozzle angle, «2 *
With mass flow defined,
Ep = ««E* ”os) (20)
which is solved in terms of trapped air/fuel ratio, 
repeating 26, 27, 28, 29, 30 until a stable 
condition is reached.
If is negative, there is not enough air 
available for the maximum values of boost ratio 
and scavenge ratio to be achieved. Scavenge 
ratio is fixed, and a lower value of boost ratio 
is found by reducing E^^ to zero. There is no 
bypass, and
Em2 = "e+f - "t (21)
which is solved in terms of nozzle angle. With 
mass flow defined.
Ep = ««E* "os) (22)
which is solved as before in terms of trapped air/fuel 
ratio, 26, 31, and 32 being repeated for each value. 
Performance of both turbines is evaluated for each 
condition. The auxiliary turbine is assumed to _be 
disconnected if torque is negative.
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4.7.1.2.3 Turbocharged Engine
The system is shown diagrammatically in Figure 4.5. 
Equations 11, 12, and 25 define component performance 
as in 4.7.1.2.2 above. Trapped air/fuel ratio and 
turbine nozzle angle are fixed, and the intercooler 
is regarded as a passive element, which merely 
drops temperature and pressure. Iteration is 
started by assuming compressor speed and boost 
ratio, then
E„i = M g - M g  (33)
which is solved in terms of scavenge ratio, and
^M2 = »E+f - "t (24)
which is solved in terms of boost ratio, 33 and 34 
being repeated for each estimate. With mass flow 
defined.
Ep = Pwc - (35)
which is solved in terms of compressor speed, 33, 
34 and 35 being repeated for each value.
The equations derived above are embodied in the 
main linking programs, which will be described in 
the next section.
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4.7.1.3 Main Linking Programs
One of the aims of the analysis was that it 
should be possible to treat any combustion engine 
system. Since there are an infinite number of 
possible combinations of components to form engine 
systems, it was regarded as impracticable to write 
one generalised linking program to treat them all. 
Instead, a linking program has been written for 
each major hardware configuration. These programs 
have much in common, and the labour of writing 
them is small. Three have so far been written, 
treating DCE with fixed geometry turbines, DCE 
with variable geometry turbines, and turbocharged 
engines. If different configurations were to be 
treated little work would be entailed in writing 
a linking program to treat this configuration. 
Components are represented by ’plug-in’ subroutines, 
as are gearing systems, and these representatives 
are common to all linking programs. Activities 
programmed in the linking programs are:
(1) input of data,
(2) organisation and output of solutions,
(3) organisation of program looping and duration,
(4) solution of the basic compatibility equations,
(5) imposition of limits on operating parameters, 
and changing the set of compatibility equations 
to be solved where necessary,
(6) the solution of mixing equations where these 
are necessary, for example where bypass is 
introduced.
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(7) calls of component representation.
Some of the items tabulated above may be enlarged 
upon. The items input as data are given in more 
detail in Appendix I, as are the items output to 
describe solutions. Output is organised as an 
array formatted to fit an A4 page when printed 
as a table. Program looping is organised by 
nests of FORTRAN DO loops. These cycle the 
program for ranges of, for example, output 
shaft speed, engine speed, etc. The variables 
cycled are changed to suit the problem in hand, 
and are given with the program listings in 
Appendix I. The basic compatibility equations 
have been given in 4.7.1.2 above and are 
indicated on the listings. The iterative 
technique used, false position, has been 
mentioned above, and will be discussed in more 
detail below. This is organised as a subroutine.
Cell led from the main program. During program 
execution, operating parameters are compared 
with limits fed in as data, and the modelling 
of the system is changed accordingly by means 
of markers. The function of these markers is 
given in each case in Appendix I. Some of the 
operating régimes involve mixing calculations 
between bypass and exhaust flows. Constant 
pressure mixing is assumed, and values of 
specific heat, obtained from a subroutine, is 
adjusted for temperature and composition. The 
equation solved is:
(Ml + M2)Cp3.T3 = MjCp^T^ 4 M^Cp^T^ (36)
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The very simple main program structure described 
above is made possible by the subroutine component 
representation. This is described in more detail 
in the sections following.
4.7.2 Engine
Two different diesel engines have been modelled in 
the work described in this thesis. They are the 
Rootes TS 3 three-cylinder two-stroke opposed piston 
engine, and the Perkins 6,354 six-cylinder four- 
stroke engine. Leading particulars of the Rootes 
TS 3 are given in Table 4.1, and details of the 
Perkins 6.354 are given in Table 4.2. As will 
be realised from the tables, both engines fall 
in the smaller, high-speed automotive range of 
diesel engines. Both engines have been modelled 
throughout by means of the simple-cycle treatment 
described by Wallace(l). The 6.354 has been 
hepresented only by the simple cycle equations 
written as a subroutine, but the TS 3 has been 
represented both by an equation subroutine, 
and by a set of performance arrays. Since 
such a choice of presentation is possible, 
a discussion of engine representation in 
general will precede a detailed description 
of the simple cycle model.
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4,7,2.1 Engine Representations
The basis of all engine representations used in 
the power matching work has been the assumption 
of ’pseudo-steady* inlet and exhaust conditions.
This assumption, which has been discussed in 
4.4 above, is probably justified in the case of 
high speed engines, and allows great simplifications 
to be made in engine representation. With the 
aid of the ’pseudo-steady * assumption, engine 
performance parameters may be regarded as being 
functionally dependent on selected engine setting 
parameters. The setting parameters chosen are 
those given by Wallace, except that compressor 
efficiency is replaced by engine inlet 
temperature. The setting parameters are:
Engine Speed
Boost Ratio rc
Trapped Air/Fuel Ratio R^
Delivery Ratio Q =
Inlet Manifold Temperature T„
“air
Mass of V.p at P^.T^
The variables regarded as being functionally dependent 
on these setting parameters are derived from 
compressor and turbine practice, as described in




Exhaust Mass Flow Criterion Pe
Engine Power (Pw)^






Exh aus t Temp e rat ure T^
The functional relationship between setting and 
performance parameters may be expressed either as 
equations or as a set of arrays. These arrays 
are stored by means of FORTRAN block data storage 
facilities, and are accessed by the interpolation 
routines developed for this purpose, These routines 
are described more fully below. Since the routines 
will accept any arrays of up to four dimensions, 
a set of six performance arrays is presented for 
each engine'speed. Interpolation between the 
arrays for variations in engine speed is always 
possible, but analyses tend to be performed at 
fixed engine speeds, and the four-dimensional 
accessing routines were considered to be adequate.'
Engine performance data for the arrays may be 
obtained from experimental work, or from some 
theoretical treatment. Setting up arrays from 
experimental data has never been attempted, and 
would be a laborious task, as the data would have 
to be smoothed before presentation. Such a 
presentation could probably be prepared for the 
Rootes TS 3, where extensive performance data 
have been given by Wallace and Wright(3), It may 
be possible at some future date to attempt a similar
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task for the 6.354, as comprehensive testing of this 
engine has recently commenced at Bath University. Data \ 
for the arrays used to represent the TS 3 were obtained 
for the simple cycle model which was found by Wright(3) 
to be in reasonably good agreement with experimental 
results. This seemingly redundant transfer of 
•information was necessitated by the work in Scheme C, 
where no subroutines were readily usable, and the 
Scheme C arrays were taken imchanged into the first 
FORTRAN matching program. These arrays are given 
in Appendix I .
A more likely source of information for engine
performance arrays would be some version of the
detailed step-by-step integration of the engine
cycle such as those programmed by Smyth(20) or
Winterbone(16). An attempt was made to develop
a set of arrays for the 6.354 using the program
written by Winterbone(16). Performance curves
for'the 6.354 were made available by Perkins
Engines Company, , . selected points from these
curves were analysed, and the engine settings
used as settings for the Winterbone program. The
test settings are included in Table 4.5 and
program results are given in Table 4. 3. Thirty
minutes of computer time was allowed for each
engine speed, and the cases at each engine speed
were executed sequentially, execution being
stopped after thirty minutes. The long execution
time of the program may be inferred. Further, it
should be noted that the program failed completely
to calculate case number 2 601, although the
engine would run at that condition. This case had
the highest exhaust pressure/inlet pressure ratio (1.20)
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of the set. It is evident that the program is in 
need of further development, so as to handle running 
conditions which imply a marked pressure rise 
across the engine. These cases were run by setting 
fuel flow boost ratio and exhaust pressure to values 
obtained from the performance curves. Air flow was 
thus a dependent variable, and a comparison between 
measured and calculated values is instructive. Good 
agreement is found between measured and calculated 
values at engine speeds of 2600 and 2000 rev/min.
At 1500 rev/min, there is an overestimate of 5 - 10% 
in the calculated values, and at 1000 rev/min the 
overestimate reaches 20%. This is clearly excessive, 
and was disappointing, as experience comparing the 
same program with a number of settings for the TS 3 
had indicated that good agreement would be found.
These latter program runs were made in connection 
with an investigation into scavenging, and are fully 
reported elsewhere(23), The overestimate is probably 
a result of neglecting exhaust pressure wave effects. 
Comparison may also be made between measured and 
calculated exhaust temperatures. Here agreement is 
good at low engine speeds, and disappointing at high 
speeds. If the low speed airflows were correct, 
however, the calculated values would probably be 
unacceptably high. Peak cylinder pressure compared 
well in the one case which was available, and values 
of mechanical efficiency were regarded as probable 
by development engineers concerned with the engine. 
Summing up, the comparison between measured and 
calculated performance was regarded as disappointing, 
and the attempt to set up performance arrays for the
6.354 using the Winterbone cycle synthesis program 
was abandoned. The computing effort involved would 
in any case have been immense, with an average run 
time of about eight minutes per case. With the 
abandonment of this attempt, it was decided that the
6.354 should be represented by the simple cycle 
program. The development of this subroutine will 
be described in the next section.
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4.7,2.2 The Simple Cycle Model
This model of engine performance was developed to 
represent the Rootes TS 3 by Wallace(1). Extensive 
comparisons between the model and measured performance 
were made by Wright(3), and the empirical constants 
involved were determined to a high degree of accuracy. 
The model has also been used to represent the Perkins 
6.354, and although the experimental data available 
for this engine were very limited, the model appears 
to be reliable. Further work obviously is desirable. 
The model will be described by giving the equations, 
and indicating the empirical modifications made to 
the model to suit both engines.
The simple cycle model represents engine performance 
by integrating a suitable engine cycle. Each major 
part of the cycle is treated in one step, and the 
cycle is thus treated in four or five stages, not in 
a large number of small steps as in the step-by-step 
treatment. Deviations from ideal cycle performance 
are represented by empirically determined constants, 
engine pressure change is obtained either empirically 
or from an orifice equation, and temperature rise is 
obtained by applying the first law, heat rejection 
to coolant being obtained from some empirical 
correlation.
The engine cycles that have been used in the matching 
work are the constant volume and dual combustion 
cycles. Both cycles indicated in Figure 4.6. Either 
fixed or variable compression ratio is permitted by 
the program, the mode of operation being selected 
by a marker. If variable compression ratio operation 
is selected, upper and lower values of effective 
compression ratio are given as data.
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Analysis begins by determining a value of charging 
efficiency. For the two-stroke, where delivery 
ratio is always greater than unity:
= 0.9 (37)
This assumption has been checked by experimental work, 
and appears to be reliable for the opposed piston 
engine(4,23). For the four-stroke, where delivery 
ratio can be less than unity.
= 0.98 if Q > 0.98 (38)
= Q if Q < 0.98 (39)
Trapped charge density is assumed to be equal to 
inlet manifold density, so:
Mt = (^0)
A true trapped temperature could be calculated 
from charging efficiency and residuals temperature, 
but the gain in accuracy would probably be small, as 
trapping pressure still is not known.
If compression ratio is variable, it is set to the 
higher limit, otherwise the fixed value is used in 
an expression derived for the constant volume cycle, 
equating diagram area to heat input:
- i r




I f  7 , .J.CV
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All values being known except diagram efficiency and 
indices of expansion and compression. A constant 
diagram efficiency of 0.72 was assumed for the TS 3, 
a value given by Chatterton(24) and used by Wallace. 
Wright suggested a variation with fuel flow, 
illustrated in Figure 4.7. For the 6,354, values 
varying with fuel flow and engine speed were used. 
These are also shown in Figure 4.7.
Equation 41 is solved for peak cylinder pressure, 
values of ne and nc, the isentropic indices of 
expression and compression, are evaluated in terms 
of composition and mean temperature by the gas 
property function, see Section 4.7.7. Mean 
temperatures of expansion and compression are 
obtained from:
P 1
(rr, \ = T __
. mean exp M* *2r^
which is solved iteratively. Expansion ratio is 
equal to compression ratio in the constant volume 




(^mean^comp = 2" ' ^
which again is solved iteratively.
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If the value of peak cylinder pressure obtained from 
equation 41 is less than the permitted maximum, the 
constant volume cycle is assumed, and indicated engine 
power is obtained from the standard equation:
M_ J
— L cv -----
Ry" "53000 (45)
If the value of peak cylinder pressure obtained from 
equation 41 is greater than the permitted maximum, 
the variable compression marker is examined. If 
variable compression is permitted, peak cylinder 
pressure is set to the limit, and equation 41 solved 
for compression ratio within the permitted range.
If a solution .is possible within the range the 
constant volume cycle is assumed, and indicated 
power obtained from 45. If the value of effective 
compression ratio found from 41 lies below the 
mii^imum, compression ratio is set to the minimum 
and dual combustion is assumed. Dual combustion 
is also assumed if the value of peak cylinder 
pressure obtained from 41 is excessive and 
compression ratio is fixed. A value of cut-off 




(a-l)+ya(3-1)r maxne-1 P^ r ■ r
P I  1
+ . -(3-1) +  r
Pm ^ nc-l
1 - rnc-l
R • Riji •
(46)
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Equation 46 is solved iteratively, as is 41, values 
of ne and nc being found for mean temperatures using 
42, 43, and 44, Cut off ratio, 6, and constant 
volume pressure ratio, a, are defined in Figure 4.6. 
With a value of cut off ratio known, indicated power 
is found from the standard equation:
_gY-l 4)1 CV.JR^*33000 (47)
Brake power is obtained by subtracting a friction 
loss power from indicated power. Friction loss is 
assumed to be a function of speed only, that is 
friction torque is constant, or:
' (Pw)fr = K^.Ng (.W)
This assumption regarding friction torque was found
by Wright(3) to be substantially justified when
operating over a limited range of peak cylinder
pressure. Wright gave a value of as 0.0089 for the TS 3,
A value of 0.01 was assumed for the 6,354. Engine
brake power is obtained by subtraction
(P«)b = ("9)
Brake efficiency is obtained from engine power 
(Pw)j^ . 33000
"b ■ My.Ry.CV.J ^90)
Temperature gain across the engine is found by applying 
the first law to the heat supplied by the fuel:
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"e = CV-MT-*T (51)
where is the heat rejected to coolant. This is obtained 
from an empirical correlation. Chatterton(24) suggested two 
correlations for two-stroke and four-stroke based on testing 
a large number of engines. Both are given in Figure 4.8.
The two-stroke correlation has been used for the TS 3, and 
was found by Wright(3) to give good agreement with experimental 
results. Wright also suggested an alternative correlation 
of the form:
(M_)U"87




This gives very good agreement for the TS 3. Finding a 
suitable correlation for the 6.354 presented some difficulty, 
partly because of the paucity of experimental data on the 
engine. Both the Chatterton two-stroke and four-stroke 
correlations proved to be unacceptable, giving much too 
high heat rejections. The correlation suggested by Alcock 
et al(25)
H oc (Mr^O'75 (53)
c r
proved to be equally unacceptable. Eventually, a modified 
version of the Wright correlation was developed:
H 0.279c
CV.Mr ^  r ^'2 qU*2
N c
o
where Nq is a reference engine speed, 1000 rev/min. This 
correlation is not claimed to be accurate, but does give 
acceptable values of exhaust temperature over a wide range. 
A comparison between theoretical results and experimental 
data is discussed below, and presented in Table 4.5.
(54)
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Pressure change across the engine is obtained for the TS 3 
from an orifice type equation with heat addition suggested 
by Wallace(1):
= - '*(Mg)2.K2,(2T„ + AT))] (55)
Wright(3) determined experimentally the constant K2. He 
gave the value 0,00004 which has been used throughout with 
satisfactory results. Pressure change for the four stroke 
was not amenable to a simple orifice treatment, as the
6,354 frequently operates with exhaust pressure greater 
than inlet pressure. An empirical approach was accordingly 
adopted, and the correlation used is illustrated in Figure 
4,9, The general form of these curves was established by 
running a series of cases on the step-by-step cycle 
treatment program developed by Winterbone( 16). The curves 
obtained by this treatment were then adjusted for magnitude 
so as to match experimental data for the engine. The 
correlation developed gives acceptable results within the 
range of the experimental data, but is obviously in need 
of further development.
Matching analyses have been performed using models of both 
engines, and these analyses are compared with experimental 
data in Chapter 5. More detailed comparisons between 
experimental results and theoretical predictions are, 
however, possible. Wright(3), Cave(4) and Few(5) have 
given extensive comparisons between the simple cycle model 
of the TS 3, and experimental measurements, finding 
acceptable correlation between prediction and measured 
engine performance. In view of this previous work only 
a very limited comparison will be made here. Table 4.4 
presents a comparison between a case taken from the DCE 
tests. Table 5.9 case 48, and the corresponding simple 
cycle calculation made as part of the matching prediction, 
taken from Table 5.20, 0.7 output speed ratio. Slight 
discrepancies in the setting parameters are unavoidable
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but do not obs cure the generally good agreement. The model 
probably predicts engine power slightly low, with a 
correspondingly lower thermal efficiency. Exhaust temperature 
is also predicted low, as the difference in scavenge ratio 
tends to mask the difference. The values of exhaust 
pressure ratio bear a correct relationship to each other, 
considering the difference in airflow.
The TS 3 engine has been found by measurement to have 
a thermal efficiency in the order of 40% over a wide range 
of operation conditions, which makes it a favourable unit 
for use in a high boost configuration such as the DCE.
The experimental data with which the 6.354 was modelled 
was obtained from the manufacturers in the form of a 
turbocharged engine performance characteristic. Selected 
parts from this characteristic were analysed and used in 
the modelling. A comparison between the version of the 
simple cycle model used in matching analysis, and measured 
performance, is given in Table 4.5. Values of exhaust 
pressure ratio for the same mass flow show good agreement, 
discrepancies being as much the result of scatter in the 
experimental data as of inaccuracies in the modelling.
Values of exhaust temperature agree acceptably well except 
at engine speed 1000 rev/min, high fuel flow conditions. 
Discrepancies here could be reduced by improving the 
coolant heat rejection correlation. Agreement between 
measured and calculated engine power is good at all 
conditions. Finally, as a check on the operation of the 
model at high boost conditions, a single case of the step- 
by-step cycle program was run, with boost ratio 3.0, trapped 
air fuel ratio 30.0, engine speed 2500 rev/min, and exhaust 
pressure/inlet pressure 1.0. The value of exhaust temperature 
given by the simple model under these conditions was 1620 °R, 
that given by the complex treatment was 1520 °R. This 
extrapolation of the empirical heat rejection correlation 
was encouraging and matching studies were undertaken with 
reasonable confidence .
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Note that the 6.354 seems to operate with a generally lower 
thermal efficiency than does the TS 3, The reasons for this 
may include the generally high pumping work, and also the 
larger number of accessories fitted to the 6.354 tested, 
such as water pump, fan, etc.
4.7.3 Turbine
Both inward radial flow and axial flow turbines have been 
considered as part of the work on mass flow and power 
matching. Since the work has been concerned with smaller, 
high-speed automotive power units, rather more attention 
has been paid to the inward radial flow machine which 
predominates in this field. As with engines, a choice of 
performance presentation is possible. Where measured 
performance characteristics are available, these may be 
presented as arrays and accessed by the array interpolation 
routines; where no measured characteristics exist, 
performance of inward radial flow turbines may be 
synthesised from turbine geometry by a simple one-dimensional 
treatment which has been developed and programmed for this 
purpose. As with the engine, the section will commence with 
a description of turbine representations in general, after 
which axial and radial flow machines will be discussed 
separately.
4.7.3.1 Turbine Representation
In a matching calculation, turbine geometry, with 
the exception of inlet nozzle angle, may be 
assumed to be constant. Turbine performance is 
normally required in terms of inlet gas condition 
and turbine speed, and the turbine may operate 
stalled. These considerations have governed the 
representation that has been developed. Turbine 
performance is specified by five independent variables
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Turbine speed 
Overall pressure ratio 
Inlet nozzle angle 
Inlet temperature 
Inlet gas composition
The dependent variables evaluated in terms of these five 
parameters are:








If turbine performance is evaluated by the one-dimensional 
treatment, the dependent variables are found directly from 
the independent variables. This process is described fully 
in Section 4.7,3.3 below. If arrays are to be used, however, 
a choice of presentations is possible. The representation 
used most in this work involves a pair of arrays based on 




for the radial inflow machine. Axial flow turbines 





Turbine torque, power, and efficiency are all evaluated 
from a single array:
(58)
Torque is given as the dependent variable rather than 
power or efficiency so that a stalled turbine may be 
treated. An alternate presentation of turbine performance, 
not used by the author, but which has been used with the 
matching analysis, gives lines of constant N//r, constant 
pressure ratio, and constant efficiency, on a map of:
AHwork parameter —
(N/1Q4)2 
on the y-axis, and
M.Nflow parameter
2,10"+
on the x-axis. This presentation is used for small 
vaneless turbines, where stalled operation is not 
contemplated.
4,7,3.2 Axial Flow
Only one axial flow turbine has been treated as part of
the matching work. This was a notional three-stage
machine designed for high torque conversion. It was
designed for use as the auxiliary turbine in the original
DCE scheme with fixed geometry turbines. Estimated design
and manufacture costs proved to be excessive and the
turbine was never built. The performance of'the turbine
was given by two arrays. A single line mass flow characteristic
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was used. Figure 4,10, and the torque characteristic was 
as shown in Figure 4,11, Design point scaling factors 
were applied to this general axial characteristics, which 
was developed as part of a design exercise on the DCE, 
carried out by Perkins Engines Company.
A simple analytical treatment of the axial turbine is 
possible, and has been used by the author in connection 
with a step-by-step cycle synthesis program developed 
by WinterboneC 16), The mass flow characteristic may 
adequately be represented by a nozzle, treated by the 
standard equations. Design point efficiency is presented 
as a schedule varying with turbine speed, and departures 
from design point are treated by assuming a parabolic 
relationship between efficiency and u/c at a given 
speed. This treatment has not so far been used as 
part of the steady flow matching analysis.
4,7,3,3 Radial Flow
4,7,3,3,1 Background
A number of radial inflow turbines have been 
treated in the matching work. They have been 
represented both as arrays and as equation 
subroutines, and the values making up the 
arrays have been obtained both from experimental 
results and for theoretical predictions.
When the matching analysis work began, no 
characteristics were available for the Napier 
CO 45 turbines envisaged as part of the design.
In order to have some characteristics, a set of 
performance arrays was developed from experimental 
tests on an entirely different radial inflow turbine(9)
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These characteristics are reproduced in Figures 
4.12 and 4.13. The marked dependence of mass 
flow upon speed should be noted. Operating 
experience with the DCE rig led to the conclusion 
that these characteristics did not adequately 
represent the behaviour of the Napier CO 45. The 
main reason for this conclusion was the apparent 
non-de pen den ce on speed of mass flow in the CO 45, 
causing larger amounts of air to be bypassed to 
waste than was anticipated. At about the same time, 
it was decided that exploratory studies should be 
undertaken into the behaviour of radial flow 
turbines fitted with variable angle inlet guide 
vanes. In order to predict the performance of 
the CO 45, on and off design, and in order to 
explore the behaviour of variable geometry 
turbines, again on and off design, a part-load, 
one-dimensional treatment of the turbine was 
developed. This treatment was based on ideas 
put forward by Wallace(lO) and has proved to be 
very successful. Turbine performance is predicted 
from speed, inlet temperature and pressure, and 
geometry only, and a complete mass flow character­
istic for the Napier CO 45 is plotted in Figure 4,14, 
while the corresponding torque values are indicated 
in 4.15, The analysis has shown that radial 
inflow turbines may operate in nozzle or rotor 
dominated modes. In the nozzle dominated mode, 
mass flow is governed by a choked nozzle, giving 
non-dependence on speed of mass flow. Nozzle 
angle under these conditions is smaller than the 
design value for the rotor. In the rotor dominated 
mode, there is a marked dependence on speed of mass 
flow. This is caused by a rotor choking, where 
choked mass flow is governed by a centrifugal 
head, which is markedly speed dependent. This 
variation of characteristic shape is well illustrated 
in Figure 4.14, where a range of nozzle angles is 
represented. The nozzle angle of the fixed geometry
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turbines fitted was 8 degrees approximately, well 
within the nozzle dominated range.
The exploratory surveys indicated that a very wide 
variation of mass flow could be achieved by varying 
nozzle angle, and accordingly two Napier CO 45 
turbines were modified to include variable angle 
nozzle vanes. The range of nozzle angle in the 
turbines is from closed, 0 degrees, to 20 degrees 
full open, The design of the turbines is given 
in more detail in Chapter 2, while predicted 
behaviour of these turbines is given in Figure 4.14 
and 4,15. No experimental verification is available.
The one-dimensional analysis was also used to 
generate theoretical predictions in connection with 
a steady flow calibration of a pulse flow turbine 
rig(ll). The turbine modelled was the CAV type 01.
Good agreement was found between predicted and 
measured mass flow, see Figure 4.16, while predicted 
torque values. Figure 4.17, were consistently high, 
but of the correct shape. The gap between predicted 
and measured torque was roughly constant, which 
suggests a possible loss correction for the one­
dimensional treatment; this is described below.
Several other turbines have been modelled in connection 
with the matching work. They are: CAV type 24,
CAV type 300 and Holset 3LD. Geometrical data 
for all the turbines that have been modelled in 
the turbine work are given in Table 4.6.
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4.7.3.3.2 The Part Load One-Dimensional Analysis
The part load analysis of radial inflow turbines 
was based upon ideas put forward by Wallace(lO).
The essential feature of the Wallace part load 
treatment was the postulate of an irreversible 
deflection at constant pressure of the gas leading 
the interspace and entering the rotor when operating 
away from design point. The resultant entropy 
and temperature changes could be calculated by 
an iterative solution of the pressure distribution 
through the turbine, interspace pressure being the 
main variable in the iterative solution. Con­
tinuity equations for nozzle, interspace and rotor 
were solved in terms of pressure distribution and 
with nozzle and rotor pressure ratio known, the 
energy equations were solved with two *work' 
terms: the ’shock’ work associated with the
sudden deflection at rotor entry, and the ’impeller’ 
work resulting from the subsequent isentropic 
flow through the rotor. Two losses only were 
taken into account, the entropy gain at the 
irreversible deflection mentioned above, and a 
gas leaving loss. For the matching analysis, 
the treatment devised by Wallace, outlined 
above, was extended to allow for nozzle and rotor 
choking at high overall pressure ratios. An 
analytical treatment of two-entry turbines with 
partial admission was also written and programmed, 
but this has not so far been used in a matching 
analysis.
The essence of the treatment is that performance 
is synthesised from geometrical data and entry 
conditions only. A typical rotor is shown in 
Figure 4,18, and the data used to define rotor 
shape are indicated on the figure. Geometrical 
parameters used to define a turbine are:
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nozzle angle «2
and for the rotor:
tip diameter 
tip entry width 
entry angle







Upstream gas conditions are defined by temperature, 
pressure and fuel/air ratio. Velocity diagrams 
for the turbine are given in Figures 4.19a and b , 
while the corresponding temperature-entropy 
diagrams are given in Figures 4.20a and b. The 
iterative solution begins by assuming a tentative 






If the assumed pressure ratio is greater than 
critical, a nozzle choking routine is entered. 
This is given in more detail below, and 
calculates nozzle exit velocity, temperature 




With nozzle exit conditions known, the static 
temperature after the shock is found,by solving 
a quadratic formed by combining energy and 
continuity equations across the shock. The 
energy equation is:
C2i2
.  ^2gJ " 2goJ
T2 ’ U2
+ (C2 COS tt2 - 02 sinu2 1:—  cot32 “ ^2 -^- 7 (62)
•*•2
which is combined with the continuity equation 
to give
(To’2)|




C2^ - U2^ U2( C2 COS 0-2 - U2 )
2goJC go^C
= 0 (63)
which is solved to give the temperature after 
the shock.
Relative rotor entry velocity is given by
W2 ’ = C2 sin tt2 %—  cosec 32
2^
(64)
and relative rotor exit velocity is found from 
W3 = W2 ^^  + 2goJC T2' 1 -S)
+ U32 - U2^ (65)
Rotor choking is checked by examining exit Mach 
Number. The process is described in more detail 
below. Mass flow compatibility is checked by 
forming an error term from nozzle and rotor mass 
flows. Nozzle flow is given by
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= (C2 sin a2)nd2b2(&oi)lê— ) (66)
T
2= (C3 sina3)Trd3b3A2 — I (67)
= M - M (68)
M n r
The mass flow error E^ is reduced to zero iteratively 
by varying interspace pressure. The method of false 
portion is used to control the iteration.
Torque is found by summing ’shock’ torque and ’impeller* 
torque. Shock torque per unit mass is found from
T2'




And impeller torque permit mass is given by:
3^





Efficiency is found from torque developed:
, v2irN f .2-iïN






This basic one-dimensional analysis has been modified 
in several ways. Routines to test for and include 
nozzle and rotor choking have been incorporated in 
the analysis. At high overall pressure ratios nozzle 
or rotor choking will occur, depending upon operating 
speed, which has a marked effect on pressure distribution 
within the turbine. The possible occurrence of choking 
is checked by examining nozzle and rotor exit Mach 
Numbers, suitable routines being entered if these exceed 
unity. Both extensions are described below. The 
analysis may also be extended to cover partial 
admission. A common interspace pressure is postulated, 
which is compared with given upstream total head 
pressures, and interspace conditions found in a manner 
analogous to the single entry treatment. The rotor is 
then treated exactly as though a single entry were in 
use. The treatment is given in more detail below.
The final extension involves the incorporation of 
arbitrary loss coefficients. The only losses taken 
into account in the treatment are the rotor entry loss 
and the leaving loss. These give maximum efficiencies 
of about 92%, In order to make effective use of the 
treatment is a matching analysis, an arbitrary 
loss factor is introduced. Such losses are discussed 
in more detail below, in the light of a comparison 
with experimental results. The effect of varying 
nozzle angle and also of reversing the nozzles is 
also examined.
4.7.3.3.2.1 Nozzle Choking
Since the nozzle is a static ring of vanes, choking 
may be tested by comparing nozzle pressure ratio with 
the critical pressure ratio, calculated from (59).
If choking is to occur, a transitional stage is 
introduced, see Figures 4.19b and 4,20b, so that 
interspace conditions are made compatible with the
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unchoked case. The flow is assumed to be choked at 
the nozzle throat, that is
(72)




This is followed by isentropic turning with pressure 
reduction to the interspace pressure, so as to satisfy 








This treatment corresponds reasonably closely with 
the actual events at exit from an underexpanded 
nozzle. A turning does occur, with a series of 
weak shocks(27). Turbine analysis then proceeds 
as in the unchoked case, to the rotor entry 
deflection, with a new value of apparent nozzle 
angle, and a value of interspace temperature T2 
from the isentropic relation, 61.
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4.7.3.3.2.2 Rotor Choking
The basic physical concept here is that the rotor 
passage does not permit supersonic relative velocities 
to be established. Rotor relative exit velocity from 
65 is formed into relative exit Mach Number. If 
Mach Number exceeds unity, a pressure discontinuity 
is introduced between rotor exit and atmosphere.
Rotor pressure ratio giving sonic exit is calculated 
from
?2 / Tg' go(Y.h + 2JCp)
(75)
W2*2 + 2goJ.C .T2’ + Ug^ - U2^
Exit from the rotor now takes place above atmospheric 
pressure, with a consequent increase in leaving loss. 
Analysis continues as in the subsonic case, but with 
the value of P2/P3 from 75 substituted for the original 
rotor pressure ratio P^/Pg.
4.7.3.3.2,3 Partial Admission (See Figures 4,21, 4.22)
The full admission analysis may be extended to cover 
partial admission for two (or more) entries for given 
inlet pressures. The division of mass flow between 
entries, output and efficiency may then be readily 
evaluated. To date the only results for steady flow 
performance of partial admission inward radial flow 
turbines have been experimental (28).
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The theoretical argument is based on the existence of
a common interspace pressure P2 which, with given
imstream total head pressures (P .), and (P .)« will
01 1 01 2
lead to a mass flow distribution and M2. The 
interspace conditions are then solved, in a manner 
analogous to the derivation of equation (63) by the 
simultaneous application of the energy and continuity 
equations for the two streams and M2 across the 
interspace, resulting in downstream conditions C*2 
and T * 2 •
The equations may be summarised as follows:
Nozzle flows
(Mj) = (02)1 sin a2TTd2b2(p




















The interspace conditions are as follows:
Energy equation
M C (T ,) + M C T .) = (M + M }
i p o i i  2 P 2 1 2




r 1 "^ 2
WD = K C 2) 1 cos (%2 - w *2 cos 32 ”
+ M 2 (0 2 ) 2  COS «2 - w '2 COS $2 (80)
Continuity
(02)1 sin 02(p2)i + (€2)2 sin 02(02)2 “ 2w *2 sin 620*2 
giving





Combining equations (79) - (81), gives the following 
quadratic equation with the 'post shock’ temperature 
T'2 as the dependent variable:
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sin2 (%2 ((^2)l(^2)2 (^2)2^*^2) 1
2g JC sin2 32 o p  ^ ‘t(T2)i2(T2)2-
(^2)l(^2)2 (^2)1 +
(C 2 ) - U2^ U2{(C2>i COS (%2 - U 2 }
(C2)i(T2)2 + (^2)2(^2)i
((^2)2(12)1 ( T2)2 +
(< 2^ )2 ^ - U2^ U2{(C2)2 COS «2 - U 2 )
f !° i& (82)
(C2)l(T2)2 + (C2)2(T2)1
The equation for relative and absolute rotor exit velocity 
and absolute rotor exit angle are identical with the full 
admission treatment, that is, equations 64, 65, and 66, 
respectively.
Torque per unit mass
= ( t ) + (t _) + T.
S 1 im
(C2)1 cos Op - (C^)1 sin a2/1 (T2)
—  U2 M%d2
2g^(Mj + M2)









The sum of the nozzle flows Mj^ and M2 given by equations 




(t„) M + (T^) M + (t,)(M + M ) I
S i t  s 9 9 1 1 9 J oULJ  i ] Z..J (84)
("iCDl" + M2CD2')/2So
where (Cj^ )j and (C^)^ are given by equation (71) 
substituting the upstream conditions ( T ^ ) ^ , ^^oi\ 
(T^^)^, respectively.
4,7.3,3.2.4 Comparison Between Theoretical
Predictions and Experimental Results
Mention was made earlier of the use of the one­
dimensional steady flow analysis as a steady flow 
calibration of a rig intended for unsteady flow 
investigations into radial inflow turbines. The 
rig consisted of a Lysholm type compressor, driven 
by an electric motor, feeding air to a CAV type 01 
turbine. The turbine was mounted in a high speed 
dynamometer, capable of running up to 100,000 rev/min. 
Power was absorbed by a disc partially submerged in 
oil, the whole absorption apparatus being mounted on 
air bearings for the lowest possible loss. Pressure 
ratios up to 1.6 could be achieved; the air supply 
was restricted by the size of motor and compressor 
available. This rig has been fully described 
elsewhere(11, 29) and further description here is 
considered unnecessary.
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Mass flow cuid torque values obtained from tests on 
this rig are shown in Figures 4.16 and 4.17. Agreement 
between predicted and measured mass flows is very good 
indeed; after a head loss has been taken into account 
in arriving at the measured pressure ratios. Mass 
flow trends are predicted with considerable accuracy, 
except in the vicinity of stall. In general, mass 
flow values are very slightly underestimated. This 
surprising result must be attributed to the simplification 
implied by the one-dimensional treatment, particularly 
in specifying the exit geometry in terms of flow 
parameters only: arithmetic and area mean diameter,
exit angle at the area mean diameter, and blade 
height, with an assumed constant axial velocity 
component
C3 cos ag = Wg COS gg (85)
Other possible reasons for the slight underestimate
in mass flow are the deviation in nozzle exit angle, 
estimated at some 3° (30), which tends to increase 
throughflow and rotor tip leakage.
Torque values, in Figure 4.17, are again very 
satisfactory, but as might be expected, predicted 
values are overestimated by between 6 and 10 percent. 
Trends of torque and efficiency are, however, indicated 
very well. The application of loss coefficients is 
discussed below, in Section 4.7.3.3.4, but application 
of values given by Benson, Cartwright and Das(31) 
gives good agreement between predicted and measured 
efficiencies. The roughly constant t/P loss (Figure 
4.17) suggests that a very simple model of the loss 
could be set up on the basis of a simple subtraction.
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Experimental tests on a turbine with partial admission 
are given by Timmis(28), and are presented in Figures 
22a, b, c. The turbine tested was a CAV type 01, 
fitted with a 27° nozzle ring. Rotor details were 
similar to those given in Table 4.6, except that 
blade exit angle was 25.3°. The results given 
apply to a fixed speed, 60,000 rev/min, and fixed 
inlet temperature for both entries.
= 500 °R
giving dimensionless speed N//T = 2683.3.
Figure 4,2 3 illustrates the division of mass flow
between the two entries as 'dimensionless' mass
flow through entry 1, (M./t^^/P^^) against pressure
ratio for entry 1, (P^^/P^), with mass flow ratio
M1/M2 as a second independent variable. Decreasing
v^ues of this parameter are associated with increased
pressure ratio (^oi^2^^e entry 2, at any one
value of (P^^)^/Pg. Figure 4.24 gives 'dimensionless’
torque % / ( as a function of pressure ratio
(P^^)^/P^, again with mass flow ratio M2/M2 as a
second independent variable. Figure 4.25 gives
the relationship between overall pressure ratio
for the two entries, that is (P .),/P. and (P .) /P
01 1 3 01 2 3
in terms of mass flow ratio /M2 »
Figure 4.23 shows fair agreement between theoretical 
and experimental values of mass flow, at least for 
mass flow ratio > 0.5. The range of pressure ratios 
covered experimentally is restricted, but agreement 
for M1/M2 = 1.0, 0.8 and 0.6 over the available range 
is very good. The extreme conditions, /M2 = 0.2
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involving a very large difference in overall pressure
ratio P ./P between the two entries lead to a oi e
considerable underestimate of mass flow. This 
would indicate that the model overestimates the 
interspace pressure, resulting in an underestimate 
of the separate nozzle flows. The model is also 
deficient in not allowing for cross flows in the 
interspace, and this again would lead to an 
underestimate of mass flow.
Figure 4.24 shows fair agreement for torque, but
in line with the remarks concerning Figure 4.23,
torque is underestimated, particularly at low
mass flow ratios. Figure 4,25 provides a useful
summary of the relationship between overall
pressure ratio (P_. ), /P_and (P .)„/P for the two oi 1 e oi 2 e
entries, and the resultant mass flow ratios 
M1/M2. Agreement between theory and experiment 
is good for Mj/M2 > 0.5, but the theory under­
estimates the pressure differential between the 
two entries to achieve a given value of M1/M2 
for highly unbalanced flows, resulting in an 
underestimate of total mass flow and hence also 
of torque, for a given value of (Pg^)^/P^.
It must, therefore, be concluded that the partial 
admission treatment is in need of further refinement 
so as to include cross flow through the interspace.
In its present form, the model satisfactorily predicts 
mass flow, torque and mass flow distribution for only 
moderately unbalanced conditions.
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4,7.3.3.3 Effect of Varying Nozzle Angle, Including Reversal
One of the primary reasons for developing the part
load turbine analysis was the investigation of the 
effect of varying nozzle angle on turbine performance
Since two Napier CO 45 turbines have been fitted with
nozzle rings whose angles is variable, the effect of 
varying vane angle on CO 45 performance will be 
discussed here. Unfortunately, no experimental data 
is available, except that obtained very indirectly 
from the DCE rig, a problem discussed further in 
Chapter 5. An experimental investigation into the 
performance of the CO 45 would be very desirable.
Comparisons for mass flow and torque for a CO 45
turbine are presented in Figures 4.14 and 4.15.
The existing variable geometry turbines have a
nozzle angle variable between 0° (closed) and
20° (fully open). The fixed angle nozzle ring
fitted was approximately 7.5°, Figure 4.14,
representing ’dimensionless’ mass flow,
m /t^^/P^^ is plotted on a basis of pressure ratio
rather than 'dimensionless’ speed N//T in orderoi
to illustrate the phenomena of nozzle and rotor 
choking. The former is seen very clearly in the 
characteristic for 5° where above a pressure ratio 
of 2,5, the mass flow lines become indistinguishable 
as a result of flow control by nozzle choking only. 
Rotor choking is illustrated by the speed dependent 
parallel mass flow lines at 30°, and the change in 
shape of the characteristics is very noticeable.
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Figure 4.15 gives theoretical torque prediction for 
nozzle angles of 5°, 10°, 15°, 20°, 25°, ahd 30°.
The optimum values of efficiency at about 12° nozzle 
angle indicate a probable design point for the 
turbine, and show that a penalty in mismatching is 
paid for turbine mass flow matching by adjustment 
of nozzle angle, without adjustment of exit area.
The reduction in efficiency at larger nozzle 
angles is marked, the 80% contour shrinking 
progressively with increasing nozzle angle above 
15°, Efficiencies are based on interspace and 
leaving losses only, as no reliable loss correlation 
is available for this turbine.
If turbine nozzles are completely reversed, negative 
torques are developed. Figures 4.26 and 4.27 present 
mass flow and torque characteristics for a CO 45 
turbine with a nozzle angle of 170 °. The difference 
in shape of the contours in both figures, compared 
with those of the 10° turbine, are noticeable. The 
differences may be attributed to the very high 
interspace losses with this configuration. The 
implications of the large negative torques as a 
braking medium are discussed more fully in Chapter 6.
4,7.3,3,4 Turbine Losses
Benson(30) has discussed suitable forms of nozzle and 
rotor loss coefficients based on the interspace loss 
theory developed by Wallace(lO). The modified 
temperature entropy diagram is given in Figure 4.28.
The definitions of the loss coefficients are as follows:




= ^  (87)
ÎW32
using these definitions it may be shown that the 
overall total to static efficiency, with allowance 
for the loss coefficients given above, becomes:
W32 C32
^overall ’ ^ ‘ q 2 ~ ” c ^
where the stage terminal velocity is given by
(yCj) =-l/l2gJC_T_, I (89)
The effect of the loss coefficients given above on 
calculated efficiencies may be illustrated by 
considering the design point at pressure ratio 1.5 
in Figure 4.17, giving predicted and experimental 
values of torque for the CAV type 01 turbine. 
Benson, Cartwright and Das(31) gave values of 
loss coefficients for this turbine as = 0.065 
and = 2.50 at a pressure ratio of 1.5 and nozzle 
angle of 30°. Application of these values to 
corrected versions of equations 60 - 71 gives
^overall ~ 0*725, compared with the unadjusted 
value of - 0.827. The experimentally
measured value is 0.721.
In the course of the matching work, a number of 
turbines have been considered, and loss coefficients 
of the form defined in 86 and 87 are rarely available. 
Since some allowance has to be made for losses, two 
empirical procedures have been used. Either a simple 
scaling of torque, or a subtracted torque loss, are 
introduced. Turbine manufacturers generally know a
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peak turbine efficiency, so for small turbines not 
run stalled, losses may be represented by scaling 
torque obtained from 69 and 70 so that the maximum 
efficiency is approximated. The efficiency contours 
produced by this treatment are not wholly accurate, 
but in the absence of more experimental data on 
radial inflow turbines, no other approach is possible 
Adequate matching analyses may be produced using 
turbine treatments with this loss model, see 
Chapters 5 and 6.
Figure 4.16 suggests that losses may be approximated 
by a nearly constant t/P loss. A limited amount of 
experimental data on the Napier CO 45 was obtained 
by running the DCE rig with the turbine removed, 
duplicating tests with the turbine connected, see 
Chapter 5 for a fuller discussion. Tentative 
required torque loss ( values obtained in this 
way are plotted in Figure 5.2 against turbine 
speed, and a suitable correlation indicated. The 
accuracy of this model may be assessed very 
indirectly from Table 5.1, Chapter 5, where 
estimated gearing losses are compared. The 
torque loss model produced is regarded as 
reasonably adequate for the non-stalled Napier 
CO 45, with no nozzle blocking. No data is 
available at nozzle angles other than the 
standard fixed value of 7.5° approximately.
4.7.3.3.5 Summary
The work on radial inflow turbines summarised here 
has been very fruitful, and is considered worthy of 
further development. A useful extension would be a 
treatment of entry casings having no nozzles, as 
these do occur in the smaller range of turbines .
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One such turbine, the Holset 3LD, has been considered 
as part of the matching analysis. The vaneless casing 
was approximated by a notional nozzle angle of 29°.
The results of this analysis are discussed more fully 
in Chapter 5, but the approximation seems to give 
acceptable values of mass flow and power. It is 
known, however, that vaneless casings give lower 
maximum turbine efficiencies, but spread the efficiency 
contours, so the vaneless turbine may operate as 
efficiently as a vaned turbine under conditions of 
transient flow. A suitable treatment could be based 
on considerations of radial equilibrium in the volute. 
Such a treatment has been devised(32) but would need 
further development before it could be included in 
the non-dimensional analysis.
The great usefulness of the one-dimensional analysis 
springs from the ability to synthesise performance 
from geometrical data. Turbine performance is 
difficult to measure, and measured performance data 
are rarely available. Because of the marked change 
in the shape of turbine characteristics between 
nozzle dominated and rotor dominated,radial inflow 
characteristics can only be scaled for size if 
extreme caution is exercised. Because of this 
very few of the matching analyses described in 
this thesis could have been done reliably without 
the one-dimensional analysis, and the treatment 
is regarded as one of the more useful by-products 
of the matching work.
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4.7.4 Compressor
Centrifugal and positive displacement compressors have been 
considered as part of the work on matching. Axial flow 
compressors are not encountered at all in the smaller, 
automotive range of power units. Both types of compressors 
have been represented only by performance arrays, as no 
simple treatment of centrifugal or positive displacement 
compressors exists. Such a treatment is being developed(21) 
but is not yet ready for use. The lack of a theoretical 
treatment is not a disability in the case of compressors, 
as it is in the case of turbines, since compressor 
performance characteristics are readily available from 
manufacturers. The two sorts of compressors that have 
been treated will now be considered separately.
4.7.4.1 Positive Displacement
This positive displacement compressor that has 
been considered in connection with the DCE is 
the Godfrey SRM type 208. This is a Lysholm 
screw type rotary machine. Its suitability 
for use with the DCE comes from the linear 
relationship between speed and mass flow 
common to rotary machines, coupled with its 
internal compression, raising its efficiency 
over the similar Roots type. The positive 
displacement compressor is represented by 
two performance arrays:
m /tT
i = f(N , r ) (99)P. ' c' c1
n = f(N , r ) (100)c c c
Page 102
The dependent variables found by the compressor 
routine from the performance characteristics, in 
terms of the dependent variables, speed and boost 
ratio, are:
intake non-dimensional mass flow
M/r" outlet non-dimensional mass flow
e  M
if no cooler pressure loss is considered
Power
Efficiency
if no cooler pressure loss is considered 
outlet temperature
Compressor outlet temperature is found from the 
standard equation:
T = T. + T.
C 1 1
r^ Y - 1
(101)
which is solved iteratively, values of specific 
heat ratio being adjusted for temperature with a 
stable solution is reached. If no intercooler 
pressure drop is being considered, intercooler 




where e is the aftercooler effectiveness, A value 
of effectiveness for the DCE work was taken as 0.8. 
Compressor power is found from the standard equation:
(Pw)
p.
^ — T P
Ozi
(r ) ^ - 1c
p. • T.- i p ^c
° 42.42
(103)
Characteristics of the Godfrey SRM compressor are 
shown in Figure 4.29, where a calibration against 
a standard orifice is superimposed.
4.7.4.2 Centrifugal
Several centrifugal compressors have been modelled 
as part of the matching work. They are : CAV type
24, CAV type 300, Holset 3LD, and Armstrong Siddeiey 
two-stage(33). Characteristics for all these 
compressors are given in Figures 4.30 - 4.33. The 
salient features of the centrifugal machine are 
surge and choking. These features account for 
differences in presentation between centrifugal 
and positive displacement compressors. The 
Armstrong Siddeiey compressor is an exception 
to this comment, as it was considered to be run 
at known speeds, and surge could be avoided by 
gearing. It was presented in exactly the same 
form as was the Godfrey SRM.
Centrifugal compressors are represented by these 
arrays :
r^ = f(M, N^) (104)
= f(M, N^) (105)
Page 104
defining performance with the surge line defined 
by
r = f(M) (106)c
The linear interpolation routines were found to 
need continuous loops of compressor efficiency in 
order to give realistic values of efficiency close 
to the surge line. The loops were, therefore, 
notonally completed.
The centrifugal compressor subroutine incorporates 
a routine which finds surge and unity pressure 
ratio values of mass flow at a given compressor 
speed. These values are useful in controlling 
iterations in the main matching program. This 
action of the subroutine is selected by setting 
a marker in the main program. The independent 
variables of the centrifugal compressor are mass 





outlet mass flow ■ ■ -- or -rr—
Pm
outlet temperature T or T„c M
Power
Efficiency
These dependent variables are found from 




Heat exchangers have been encountered in the matching 
work in the form of intercoolers or aftercoolers.
Temperature drop is found from a simple effectiveness 
equation:
T2 = Ti - (Ti - Ta).e (107)
A value of effectiveness of 0.8 has always been 
assumed for the intercooler fitted to a projected 
vehicle version of the DCE. A value of 0.78 was 
found to give reasonable correlation with experimental 
results for the intercooler fitted to the Perkins 6.354. 
Experimental results and fitted curves are shown in 
Figure 4.34. Pressure drop across a cooler is 
obtained from an orifice type equation:
AP = k.(M)2 (108)
A set of experimentally determined pressure drops for 
the intercoo1er fitted to the Perkins 6,354 is shown in 
Figure 33, together with the curve fitted to the measured 
values.
4.7.6 Combustion Chamber
Combustion chambers have been treated on a simple heat 
addition basis, working to a fixed maximum temperature, 
with a limiting air/fuel ratio, which is over-riding.
Maximum temperature cannot be reached if this implies 
an excessive air fuel ratio. An arbitrary 2% pressure 
loss is incorporated in the routine. Fuel flow for a 
given temperature rise is found from:
Mf.CV = (M^ + M^).AT.C (109)
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which is solved iteratively, values of being adjusted 
until stability is achieved. The effect of combustion 
chamber fuel flow on power unit efficiency is represented 
as a modification of engine efficiency.
4.7.7 Gear Systems
Two gearing systems have been considered in the matching 
work. They are the differential compound engine, and 
the turbocharged engine.
4.7.7.1 Turbo charged
The turbocharger gearing equation is 
trivial, being
N = (110)c t
with the implied power balance criterion
(P«)c = (111)
4.7.7.2 Differential Compound Engine
The equations describing the DCE are based on 
fully floating epicyclic relations and are 
considerably more complex. They are incorporated 
in three subroutines. These subroutines give:
"c = «(%)des> (“c)des’ (•^os)des*
(%c)st' Nos) (112)
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Required engine power for balance.
(Pw>e = (Nc>des- (“os^des* (Nc^st'
“e-Nos* (Pw)c' (113)
and output torque ratio
( t ^ )\^des /( ■ ^^(^w^cdes'^^w^Edes'^^o^tdes'^^c^des des
(Mo)des' Mc,(Pw)c' ?t) (11*)
The three function given above are derived from the 
basic epicyclic gear relations. These are discussed 
fully by Wallace(l), and the discussion is reproduced 
here. The gearing system of the DCE is a fully 
floating epicyclic gear illustrated in Figure 4.36, 
where the torque balance between annulus and sunwheel 
is also illustrated. The epicyclic system shown in 
Figure 4.36 consists of unit M driving annulus A, sun­
wheel C driving unit N and planet carrier D driving 
unit 0. Individual planet wheels are denoted B.
Also, defining a ratio
]ç_ - ^^unher of teeth on planet wheel _ ^  (115)
number of teeth on sunwheel t^
considerations of relative velocity lead to:
or
«C = %  [3Nd("c + "b ) - Va ] (117)
Page 108
A speed is positive when rotating clockwise viewed 
from 0. The power ratios
are found by considering the appropriate products 
of torque and speed.
The contact forces between annulus and planet teeth, 
and between sun and planet teeth are equal and in the 
same direction and the corresponding planet carrier 
force is double the magnitude and opposed in 
direction, thus satisfying planet carrier equilibrium, 
Hence :
(Pw)a : (Fw)c : (^wiD = f*AtA = + ^5)
= (1 + 2k)N^ : N^: -2(l+k)Nj^ (118)
NDputting A = —  at the design point, and substituting in 
(117) and (118);
(P^)^ : (P^)ç : (P^ )jj = (l+2k) ;[ 2(l+k)A - (l+2k)J : 
- 2(l+k)A (119)
Defining
: (f»)c = ^DC (P«)A = = ?AC'
_ -2(l+k)A
DC ON 2A(l+k)-(l+2k) (120)
= P l+2k
AC MN 2M(l+k)-(l+2k) (121)
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from 120 and 121,
Equations (116) - (121) summarise the design point 
speed and power relations for the general epicyclic 
system. With the planet carrier stalled, and annulus 
maintained at constant speed, there is an increase 
in sunwheel speed given by substituting in equation 
117, This represents an increase in sunwheel 
speed expressed by the ratio
^c “ 2A(l+k)-(l+2k)
comparing equations 120 and 123,
"c = ?DC + 1 (124)
Hence the degree of sunwheel overspeed is directly 
related to the power ratio P^^ at the design point.
The coupling arrangement used in the experimental 
arrangement of the DCE connects the engine to the 
annulus, compressor to sunwheel, and output shaft 
to planet carrier. Gear ratios between the 





^ — , N ' is actual compressor speed (126)
(127)
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Substitution of 125 - 127 in Equation 117, an 
expression giving a relationship between engine and 
compressor speed at any combination of engine and 
output shaft speed may be found:
N * M N 1 + 2k
- ~ 2(1 t k)—  - •- ■ —  (128)N n N_ n
e -ti
Equation 128 may be solved at design point and output 
shaft stall to give:
2(1 + k)^ - a: = (129)
(Nog)des
and
1 + 2k (Nc')st
—  = (130)
Using values of a^  and a2 so defined, compressor 
speed may be found for any combination of engine 
speed and output shaft speed by substituting in 
Equation 128. Equations 128, 129, 130 are the 
content of the subroutine GEAR 1, defined in 112. 
Power relation between output shaft and compressor 
shaft is given by modifying equation 120:
-2(l+k)ë^ ^(P ) ' 'N \ N
w o  \ os




relationship 131 is used in the subroutine GEAR 2, 
defined in 113, to give required engine power for 
a given compressor power, engine speed and output 
shaft speed. This required engine power is 
compared with the assumed power and the error is 
used to control the iteration for power balance 
stability. Equations 129, 130, 131 shows that 
for a given gearing configurations, power ratio 
P^^ is constant, hence, from 131
= PdC = (132)
dividing 132 through by speed, to give a torque 
relationship.
os C
or output shaft torque, in the absence of any 
external augmentation, is proportional to compressor 
torque. Applying 133 at design point, and any other 
point.
In the DCE as built, turbine torque is added 
externally and augments the 'gear fixing torque', 
giving for any combination of engine, output 
shaft and compressor speeds.
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Equation 135 gives the torque conversion defined in 114, and 
forms the body of subroutine GEARS.
The epicyclic speed relationships are best understood when 
presented graphically, as in Figure 4.37. The line of 
compressor reversal should be noted, as this has implications 
in operating a DCE.
4.7.8 Utilities
Several program utilities have been developed for use with 
the matching analysis. These utilities, which have proved 
useful in applications other than those for which they 
were written, will be described in this Section. The 
functions covered by the utilities, which are written 
as subroutines, are array accessing and interpolation, 
organisation of iteration, and representation of gas 
properties. Array storage is not covered by a utility 
program as standard FORTRAN arrays are used, initiated 
by data initialisation statements, which can in turn 
be incorporated into shock data subroutines, enabling 
array content to be changed by altering program 




These routines, which may be found in Appendix I, 
were written in the light of experience gained from 
using the Scheme C matching program. In particular, 
unlimited extrapolation is allowed. There are four 
routines, dealing with arrays having from one to four 
independent variables. They form a hierarchy, the 
four-dimension routine calls the three-dimension 
routine and so on. The routines use linear interpolation/ 
extrapolation, and are written in FORTRAN. Non linear 
interpolation was considered, but rejected firstly because 
the Scheme C linear interpolation routines had been 
satisfactory, and secondly to reduce subroutine 
execution time to a minimum. The routines were 
written at the author's request by Mr, R. G. C. Pringle 
of the Bath University Computer Unit,
A typical array interpolation call is discussed below.
This routine accesses arrays having two independent 
variables, in fact, a compressor efficiency array.
CALL INTXT 2(RC,CS,CE,VRC,VCS,AR9,19,13,19,13) (136)
RC and CS are the independent variables boost ratio 
and compressor speed, and CE is the dependent variable 
compressor efficiency. VRC and VCS are \ectors giving 
ordinates on the RC and CS axes at which the dependent 
variable is defined. AR9 is the name of the array 
defining the dependent variable, and the numbers 19,
13, 19, 13, give actual and maximum dimensions of 
the array AR9.
The routines have proved to be very rapid in execution, 
and have been used a great deal. Errors caused by 
the linear interpolation occasionally give trouble, 
but have always been eliminated by increasing the 
number of ordinates on the independent variable axes.
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4.7.8,2 Iteration
Some thought was given to the iterative process 
needed to solve matching equations. A rapid con­
vergence of the iteration was obviously desirable 
in the interests of reduced program execution time. 
Ideally, the quadratic convergence of Newton-Raphson 
method would be desirable, but Newton-Raphson method 
requires that the function being solved be 
differentiated, which was not possible where the 
errors involved were the results of a large number 
of steps involving arrays not analytically defined.
Two iterative methods not requiring differentiation 
of the function are Aitken’s method, and the 
method of false position. Aitken's A^ method will 
be dicussed first. It can be shown(22) that,
(Ax )2 
* % - 2
forms a convergent series, whose convergence is greater 
than that of ordinary iteration. The difference 
operator A is defined such that:
Ax = X - X . n = 0, 1,2 (138)
n+1 n n-1
and higher powers of A are defined recursively:
a2x^_2 = - ûx^_2
It should be noted that three estimates of x are 
needed to start iteration. The technique requires 
only that the function be continuously differentiable 
in the interval considered, and that the differential 
of the function should never be zero.
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The method of false position is a modification of
Newton's method, and consists of approximating the
function between x and x  ^ by a straight line. Then n-1
process is well illustrated in Figure 4.38. Then:
(x - X )F(x )
’'n.l = ^  - F(x ) - K x  jn n-1
forms a convergent series, Ostrowski(34) gives the 
convergence of this series as lying somewhere between 
the convergence of ordinary iteration and that of 
Newton-Raphson. If the approximations F(x^) and 
F(x^_^) are of opposite sign (ideally F(x) = 0), 
then the convergence is very close to quadratic.
Note that two estimates are needed to start the 
iteration. The function F(x) = 0 must be twice 
continuously differentiable in the interval considered, 
and the differential of the function must never be 
zero.
Of the two methods described above, the method of
false position was considered attractive, as the
condition F(x ) and F(x ^) should be of opposite n n-1
sign could be satisfied by suitable programming.
The need to estimate only two points was regarded 
as an advantage. If three points could be estimated, 
Muller's improvement on false position, in which a 
polynomial is fitted to three points, could probably 
be preferable to Aitken's method. The risk of 
occasional non-convergence due to not meeting the 
condition that F(x) should be twice differentiable 
has not been troublesome. In such an eventuality, 
Aitken's A^ method would be preferred.
Page 116
The method of false position has been programmed in 
FORTRAN as two subroutines, SOL and IS. Both are 
given in Appendix I. Function IS merely gives the 
sign of a number, and is used in the routine SOL 
to retain the last two solutions of opposite sign.
4.7.8 .3 Gas Properties
In matching calculations properties of air and 
combustion products are frequently needed. This 
need has been.met by programming a set of polynomials 
fitted to values derived from standard tables. The 
polynomials were given by Chappell and CockshuttC35) 
who intended the functions for use in gas turbine 
analysis, thus ensuring a suitable temperature range, 
as they are called in the matching analysis in terms 
of mean temperatures. The limits of accuracy were 
investigated by WinterboneC16) who found that the 
equations were reliable up to 2500 °R.
There are two subroutines, programmed in FORTRAN. 
Routine CFG gives specific heat at constant pressure 
of air and combustion products as a function of 
fuel/air ratio and temperature. Fuel/air ratio zero 
gives values for air. Routine G gives a value of 
specific heat ratio as a function of fuel/air 
ratio and temperature. Both subroutines are given 
in Appendix I .
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4.8 SUMMARY
This chapter has contained a description of a reasonably 
general computerised matching analysis applicable to any 
combustion engine system. The treatment, which represents 
a systematic application of one-dimensional analysis, has 
a plug-in program structure which simplifies the modelling 
of any given system. Components are treated as discrete 
blocks of program logic, and the proper content of these 
blocks has been considered in detail. A by-product of 
this analysis, a one-dimensional synthesis of radial 
inflow turbines, has been examined in rather more detail.
No attempt has been made to derive a program which will 
cater for the infinite variations of engine systems, 
instead, the labour of developing a separate program 
to treat each system has been reduced to a low level, 



































FIG. 4.3 DCE WITH FIXED GEOMETRY TURBINES
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FIG.4.18. TYPICAL RADIAL INFLOW ROTOR




FIG. 4 .1 9 a . UNCHOKED VELOCITY DIAGRAM
w
FIG.4.19b. VELOCITY DIAGRAM WITH NOZZLE CHOKING.
FIG .4 .20 .0 . TS DIAGRAM FOR UNCHOKED CASE.
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FIG. 4. 2 3 .PREDICTED AND EXPERIMENTAL RESULTS
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Figure 431 CAV 300 compressor characteristic
FIG. 4 .32 . HOLSET 3LD COMPRESSOR CHARACTERISTIC.
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Figure 4 3 6  Epicyclic gearing
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FIG. 4.37. ENGINE COMPRESSOR AND OUTPUT SHAFT SPEEDS.
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FIG. 4 .38 . THE METHOD OF FALSE POSITION
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TABLE 4.1I Leading Particulars of Rootes TS 3 Engine
Number of cylinders 3 - opposed piston
Bore 3.25 in
Stroke 4 X 2 in
Swept volume 119 in 3
Nominal compression ratio 14/1
Maximum speed 2400 rev/min
Effective stroke/total stroke 0.83
Two-stroke cycle 
Compression ignition 
CAV in-line fuel pump
Roots type mechanically driven scavenge blower
TABLE 4.2: Leading Particulars of Perkins 6.354 Engine
Number of cylinders 6 - in--line vertical
Bore 3.875 in
Stroke 5 in
Swept volume 354 in 3
Nominal compression ratio 15/1
Maximum speed 2600 rev/min
Effective stroke/total stroke 0.937
Four-stroke cycle 
Compression ignition 
CAV distributor pump 
Holset 3LD turbocharger
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TABLE 4.6: Radial Inflow Turbine Data
















CAV Type 01 0.24 0.134 30.5 0.025 0.068
CAV Type 24 0.4165 0.224 37.5 0.0471 0.1241
CAV Type 300 0.316 . 0.181 37.0 0.0366 0.0965
Napier Type C045 0.5815 0.332 37.5 0.054 0.1709
Holset Type 3LD 0.25 0.1546 25.0 0.03 0.0571
(vaneless)
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CHAPTER 5 - COMPARISON OF EXPERIMENTAL WORK WITH PREDICTED PERFORMANCE
5.1 INTRODUCTION
The content of this chapter will be a comparison between 
experimental results and predicted performance for the 
three hardware configurations that have been considered 
in detail. The three configurations for which experimental 
results are available are the DCE with TS 3 engine and 
fixed geometry turbines, the DCE with TS 3 and variable 
geometry turbines, and the Perkins 6.354 in turbocharged 
form. The experimental results pertaining to the DCE were 
all obtained by the author and Dr. P. C. Few on the DCE 
rig, while the results for the 6.354 were supplied by 
Perkins Engines Company in the form of turbocharged 
engine characteristics, obtained as part of the normal 
development testing of this engine. The DCE test results 
are presented in Tables 5.1 to 5.11, while the corresponding 
performance predictions obtained by using the matching 
analysis, are given in Tables 5.12 to 5.24. Comparisons 
between the two sets of data are plotted out in Figures 5.4 
to 5.11. Predicted performance for the Perkins 6.354 is 
given in Tables 5.25 to 5.27, while the measured values 
have been summarised already in Table 4.5. A comparison 
between the two sets of results is given in Figure 5.12.
The three configurations will be dealt with separately, 
but before this discussion is begun, some notes on the 
tabulation of measured DCE performance. Tables 5.1 to 
5.11, will be given.
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5.2 SOME NOTES ON THE DCE RESULTS IN GENERAL
The instrumentation on the DCE rig, because of difficulties 
of access, was not entirely adequate to allow the performance 
of such a complicated power unit adequately to be assessed. 
The most serious deficiency was that component powers, with 
the exception of the engine, were not measured separately. 
Some attempt has been made in the analysis and tabulation 
of the DCE test results to rectify this deficiency, with 
a degree of success which is discussed below. Included 
in the tabulations are estimates of turbine power, 
compressor power, and gearbox losses. None of these 
quantities could be measured precisely on the rig.
The estimate of compressor power was obtained from the 
calibrated compressor characteristics that have already 
been presented in Figure 4.29. Measured pressure ratio 
and calculated speed were used to obtain values of mass 
flow and efficiency from the characteristics, and the 
power was calculated from these values. A check on the 
accuracy may be obtained by examining the difference 
between measured engine power and calculated compressor 
power at output shaft stall. At this condition, in 
the absence of gear losses, the two powers should be 
equal. Suitable cases are given in Tables 5.5 and 5.6, 
where the difference may be obtained by subtraction, and 
in Table 5.10, where the difference is tabulated as 
*gear loss’. The trend found is that engine power 
exceeds calculated compressor power by an amount related 
to engine/compressor speed. This loss characteristic 
suggests that the discrepancy is, in fact, a gearing 
power loss. If the compressor calibration were seriously 
in error, a substantially constant discrepancy would probably 
be found. These considerations, therefore, lend some 
confidence to the use of the compressor characteristic 
in this way.
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On the test result tabulations. Tables 5.1 to 5.11, items 
will be found labelled ’gear loss’ and ’gear correl’. The 
item called ’gear loss’ was obtained by adding together 
all component powers, measured in the case of the engine, 
estimated in the case of the compressor (regarded as 
negative) and turbine, and subtracting the measured output 
shaft power. If there were no gear loss, and component 
powers were known accurately, the result would be zero.
If the component powers were reliably known, and there 
were gear losses, the result of the addition described 
above would be the gear loss. If the gear loss were 
known independently, the addition could be used as a 
check on the estimates made of the compressor and turbine 
power, all other quantities being known. Since compressor 
power may be regarded as reliable, see paragraph above, 
the addition could thus be used as a check on estimated 
turbine power. If the ’gearloss’ and an independently 
known gear loss correlation agree, then turbine power is 
probably correctly estimated. If the ’gear loss’ is 
larger than the independent gear loss estimate, then 
turbine power is probably overestimated. An independent 
assessment of gearbox losses would thus allow a check 
to be made on the estimate of turbine power which is 
discussed below, and also in Section 4.7.3.3.4,
Chapter 4.
The item tabulated as ’gear correl’ represents the outcome 
of an attempt to obtain such a reliable, independent 
estimate of gear loss . If the power turbine is removed, 
the epicyclic equations may be solved to give an estimate 
of output power. Using the notation of Section 4.7.7.2, 
Chapter 4, if the power turbine is removed, output power 
is due entirely to power circulation within the epicyclic 
gearing, turbine power no longer being added, and
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Equation 142 gives an estimate of ideal output power obtained 
from values which are known. The ’gear loss’ tabulated in 
Table 5.4 was obtained by solving equation 142, and subtracting 
measured output power from the ’ideal’ value obtained in 
this way. It should be noted that losses in the compressor 
drive train are not included in this analysis, and the 
magnitude of these losses is unknown. Gearing losses 
obtained in this way are plotted in Figure 5.1, where 
several correlations are suggested. That given by Few(5) 
is unlikely to be correct, as power loss is not likely 
to be zero with finite output shaft speed. The two 
correlations which are suggested are simply a power 
law and a quadratic arranged to be a good fit, and 
arranged to pass through the origin. The powerlaw is:
(loss)^p = 3.924 (N g/1000)l'6 (143)
while the quadratic is:
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(loss)„„ = 1.736(N /lOOO) + 2.025(N /lOOO)^ (144)
HP os OS
In the quadratic correlations, the linear term may represent 
a viscous drag loss in the bearings, while the quadratic 
term probably represents an oil churning loss. The power 
law was used in the tabulation and is given as ’gear correl’. 
This correlation may be regarded as reasonably reliable, as 
the compressor gear train loss is unlikely to exceed about 
2 horsepower at the compressor speeds encountered with the 
shaft running.
With a reasonably reliable gearing loss correlation established, 
an attempt was made to develop a turbine loss correlation.
The tests given in Table 5.4, with the turbine removed, 
followed as far as possible the test settings given in 
Table 5.1, where the turbine was fitted. This allowed an 
estimate of turbine power to be obtained by subtraction of 
suitable cases. Consideration of turbine losses in 
Section 4.7.3.3.4 led to the idea that turbine losses 
could be approximated by a roughly constant non-dimensional 
loss torque. Such a loss torque was obtained for the 
compatible cases in Tables 5.1 to 5.4, and has been plotted 
in Figure 5.2. The points seem to fit best to a straight 
line against an ordinate of turbine speed, and the suggested 
correlation is drawn on the Figure. Although this correlation 
is obviously in error (loss torque would not be negative at 
stall) this correlation does give a reasonable estimate of 
power for a running, unblocked Napier CO 45, with about 8° 
nozzle angle. This is seen well in the correspondence of 
the two gear loss values in Table 5.1, where gear loss was 
obtained by addition, and gear correlation from Figure 5.1.
This turbine loss correlation has been used throughout, 
and used to give an estimate of turbine efficiency relative 
to the standard CO 45. If ’gear loss’ is much greater than 
’gear correl’ the turbine may be taken as less efficient 
than the standard CO 45, and vice versa. This point is 
discussed fully above.
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Turbine performance was taken from the analytical turbine 
model described in Chapter 4. If a measured mass flow were 
available, turbine mass flow was matched to this, using 
nozzle angle as a primary variable. In the absence of such 
a measurement implied engine mass flow, calculated from 
the pressure drop, was used instead. These conditions are 
indicated as unreliable. The accuracy of this procedure 
may be judged from the two values of engine mass flow 
presented in the tables, although it should be remembered 
that the mass flow measurement was not wholly reliable.
For the tests with variable geometry turbines, all available 
flow was passed through the turbines, and a reasonably 
reliable mass flow taken from the compressor characteristics 
was used. Engine flow here was always taken from pressure 
drop.
For some of the tests, at high speed, high load conditions, 
no fuel flow measurement was made. In these cases, indicated 
as unreliable, a value of 20 for trapped air fuel ratio was 
assumed, and the calculation made on this basis.
Bearing in mind the notes on the derivation of the tabulated 
results, the DCE tests will now be discussed in more detail.
5.3 DCE WITH FIXED GEOMETRY TURBINES
The first group of test cases to be considered will be those 
taken on the DCE in its original form, with unmodified, fixed 
geometry, main and auxiliary turbines fitted. The experimental 
results are given in Table 5.1, while corresponding predicted 
performance, as produced by the matching analysis, is given 
in Tables 5.13 to 5.15. A comparison between measured and 
predicted results is given in Figures 5.4 to 5.5, where data 
from Table 5.1 (experimental results) and Tables 5.13 to 
5.15 (predicted performance) are plotted.
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Referring to Figure 5,4, considerable disagreement is observed 
between measured and predicted values of output power. Since 
measured output power is low, measured output shaft efficiency 
is correspondingly low. This was disappointing, as engine 
efficiency was generally good, as examination of measured 
values in Table 5.1 reveals. WrightO), testing the TS 3 in 
isolation, had suggested that at high pressure ratio the 
TS 3 would operate with efficiencies in the order of 35 - 40%, 
and the measured engine performance given in Table 5.1 
confirms this estimate. Since engine efficiency is good, 
and agrees with predictions, some other source of the large 
discrepancies between measured and predicted performance 
observed in Figure 5.4 must be found. A critical 
examination of the worst discrepancy reveals this source 
of loss to be the turbine.
The worst,discrepancy is observed in case 16, Table 5.1,
AA on Figure 5.4. An analysis of the losses for this 
case clearly shows that the turbine is the main loss 
causing component. Tabulated below are measured and 
predicted component powers, measured values (including 
estimates, see paragraph 5.2 above), from Table 5.1, 
predicted from Table 5.13. All powers are in horsepower.
Measured Predicted
Output power 106.6 200.0
Engine power 192.5 225 .0
Compressor power 79.2 102.0
Turbine power 13.3 77.5
Gear loss 18.1 0
(HP)g - (HP)^ (basic power level) 113.3 123.0
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The basic power level of these two cases is the difference 
between engine power and compressor power. The 10 hp difference 
is caused by the discrepancy in speed between measured and 
predicted conditions. The difference between measured and 
predicted output shaft power is 93.4 hp. If the difference 
between turbine power is added to the gear loss and the basic 
power level difference, the total is 92.3 hp. Clearly, then, 
all the discrepancy may be accounted for, and the major 
source of loss is the turbine. Turbine efficiency and pressure 
ratio in the predictions are 0.74 and 2.5, while measured 
values are 0.18 and 1.99. The turbine is thus operating 
below its predicted pressure ratio, and is in any case 
apparently rather inefficient. There were internal features 
of the turbine which could cause losses. The nozzles were 
cropped axially to rather less than the rotor entry depth, 
the difference being made up by a packing ring. This caused 
abrupt step in the gas flow when entering and leaving the 
nozzle ring, with a consequent gain in entropy and reduction 
in turbine efficiency. On the other hand, the low turbine 
efficiency could be the result of operating at an unfavourable 
point on the characteristic. An investigation into reasons 
for the low turbine pressure ratio was, therefore, indicated.
Examination of the values of presumed nozzle angle in Table
5.1 shows that the turbine is behaving as a fixed geometry 
turbine. There is a slight increase in apparent nozzle 
exit angle with mass flow, a feature suggested by Benson(30). 
Turbine power, however, reasonably reliably estimated in this 
case, see 5,2 above, is very low when compared with values 
from the predicted performance. Tables 5,13 to 5.15. One 
reason for this is obviously the generally low pressure 
ratio at which the rig was operating. The low general 
pressure level was caused by turbine mismatching, and in 
an effort to correct this, the turbine nozzles were blocked 
with wedges. First five passages out of 23 were blocked, 
with limited success. Table 5.2, then ten. Table 5.3.
The general raising of pressure levels as a result of 
this expedient may be observed from the tables, as may 
the reduction in apparent nozzle angle. The rise in 
overall power level may best be seen in Figures 5.4 and 
5.5, which are plots of power and torque against output
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shaft speed; compared with predicted values. Measured and 
predicted performance agree reasonably well with ten nozzle 
passages blocked, the constant engine speed curves having 
much the same shape. Measured values are, in fact, greater 
than predicted at low output shaft speeds, which may be 
a result of the turbine loss model used in the predictions, 
a scaling of turbine torque, which overestimates losses at 
lower speeds. The generally lower turbine efficiency caused 
by the nozzle blocking may be surmised from the large gear 
losses calculated in Table 5.3.
With turbine swallowing capacity reduced so as to allow 
constant engine pressure ratios to be achieved at any one 
engine speed, it became apparent that the turbine 
characteristics originally assumed for the Napier CO 45, 
Figure 4.12 and 4,13, did not agree with the actual 
behaviour'of the turbine. These assumed characteristics 
showed a marked dependence of mass flow upon speed and 
DCE performance curves produced with these curves showed 
a consequent increase in scavenge ratio with reduction 
in output shaft speed, see Table 5.12, engine speed 
2500 rev/min. Cases 35 - 39 in Table 5.3, which 
includes measured values of scavenge ratio, show no 
variation of scavenge ratio with turbine speeds, and 
consideration of this discrepancy led to the production 
of revised performance characteristics for the Napier 
CO 45, Figures 4.14 and 4.15. These show nozzle choking 
effects at small nozzle angle, and performance predicted 
with these characteristics, see Table 5.13, shows a non­
dependence of scavenge ratio upon speed similar to that 
observed in cases 37 - 39. Considerations such as this 
lend some credence to the concept of the nozzle dominated 
turbine developed in Chapter 4.
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The effect of the change in turbine characteristic upon 
overall predicted performance is illustrated in Figure 5.3, 
where the main turbine fields with both turbine 
characteristics are superimposed. The reduction in 
efficiency caused by the larger amounts of air bled to 
waste as a result of turbine nozzle choking is well seen 
in Figure 5.3, where 20% and 15% contours eventually 
coincide,and this reduction in efficiency led to the 
fitting of variable geometry turbines as described in 
Chapter 2. The calculated CO 45 characteristic given 
in Figures 4.14 and 4.15 has been used for all subsequent 
performance prediction, with the addition of a simple 
scaling loss correlation.
No reliable predicted values are available for stall 
torque, as the radial flow turbine with torque converter 
configuration was never treated analytically. The one 
prediction superimposed on Figure 5.5 represents an 
optimum case for the axial flow turbine, having a torque 
conversion of 7.19. The measured values of stall torque 
shown in Figure 5.5, and given in Table 5.6, represent 
various settings of engine speed and of the exhaust 
restriction valve (see Chapter 2). As may be seen, 
torque conversions in the region of 7/1 were achieved, 
but at the cost of considerable mechanical complication.
The efficiency contours plotted on Figure 5.4 are 
measured values derived from Table 5.1. Little improvement 
in efficiency is observed as a result of nozzle blocking, 
see Table 5.3, mainly because turbine efficiency was impaired 
by this expedient. Measured efficiencies are low compared 
to predicted values composing the measured efficiency contours 
on Figure 5.4 with the predicted contours of Figure 5.3, 
namely because of the poor turbine performance. The efficiency 
contours do, however, have the same general shape, cutting 
into the operating field. This characteristic of good part 
load efficiency is one of the attractive features of the 
DCE concept.
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It became obvious while running the DCE with fixed geometry 
turbines, that the difference between the turbine characteristics 
originally assumed, and those found in practice was leading to 
thermodynamic loss due to excess air being wasted. Further, 
there was little control over engine operating point without 
thermodynamic losses from bleeding or from the exhaust 
restriction valve. The expedient of nozzle blocking 
suggested that turbines with variable swallowing capacity 
would eliminate the thermodynamic loss due to bleeding 
excess air to waste, and also give much more flexibility 
in engine running conditions. These features are discussed 
more fully in the section which follows.
5.4 DCE WITH VARIABLE GEOMETRY TURBINES
The results of tests on the DCE when fitted with variable 
geometry turbines are given in Table 5.7 to 5.11. The 
tests fall into three broad groups, which illustrate the 
considerable gains in flexibility allowed by the adoption 
of variable geometry turbines. The first group of tests.
Table 5.7, was run with low boost, these results are 
compared with predicted performance in Figures 5.6 and 
5.7, the predicted values being given in Tables 5.16 to 
5.18. The second group of tests were run with a constant 
high boost. Test results for these cases are found in 
Table 5.8, while a comparison between these test results 
and predicted performance from Tables 5.19 to 5.21 is 
made in Figure 5.8 and 5.9. A third schedule allowed boost 
to rise up to a maximum of 3.0/1, with a roughly constant 
inlet nozzle angle. These tests, given in Table 5.9, are 
compared with predicted values from Table 5.22 to 5.24 in 
Figure 5.10 and 5.11. The final group of tests represent 
an attempt to explore the auxiliary turbine operating field 
of the DCE. This was not done extensively with fixed geometry 
turbines because of fears of auxiliary turbine runaway.
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The geared variable geometry auxiliary turbine removed this 
limitation, and tests exploring the auxiliary turbine field 
are presented in Tables 5.10 and 5.11. Values from these 
tables are included in Figures 5.6 to 5.11.
The turbine loss correlation used in the calculation of 
these results was that developed for the fixed geometry, 
unblocked, turbine, although the loss torque was never 
allowed to go negative, as in Figure 5.2. The variable 
geometry turbine appears from a comparison between gear 
loss and the gear correlation, for reasons outlined in
5.2 above, to be rather less efficient than the fixed 
geometry CO 45. The reason for this may lie in the 
reduction in the number of nozzle passages from 2 3 in 
the fixed geometry ring, well designed with curved, thin 
vanes, to 16 in the variable geometry ring, where the 
vanes were necessarily straight and rather thick. This 
possible reduction in efficiency is disappointing, but 
may possibly be alleviated by improved detail design.
Values of engine efficiency observed during testing with 
variable geometry turbines were consistently good, better 
in general than those observed during the fixed geometry 
tests. That this improvement is due to the free choice 
of engine operating schedule may be inferred by comparing 
measured engine operation in Tables 5.7 and 5.8. With 
a constant low boost, the engine efficiency is about 
34 - 36%, while with constant high boost, the engine is 
found to operate consistently at over 40% efficient. This 
observation supports the view that the relative freedom 
of engine operating schedule is a prime advantage of the 
DCE with variable geometry turbines, and that efficiency 
may be optimised in terms of engine operating line.
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Turning to consideration of output shaft power. Figure 5.5 
presents a comparison between measured values (Table 5,7) 
and predictions (Tables 5.16 to 5.18) for low boost running.
The level and reasonably satisfactory power curve is 
noticeable, as is the generally good agreement between 
predicted and measured results. The discrepancy observed 
is probably due to a weakness in the analytical model of 
the turbine, mentioned above, which tends to underestimate 
losses at high speed and to overestimate them at low speed,
Gecir losses would account for any remaining discrepancy 
while an underestimate in engine power probably accounts 
for the very good agreement at engine speed 2400 rev/min.
Stall torque. Figure 5,7, agree reasonably well, but the 
very high reading at output shaft speed, 420 rev/min, 
case number 71, is probably in error, being caused by 
instability in the brake at low speed.
With constant high boost operation. Figure 5.8, (VG), 
reasonable agreement is again found between measured 
and predicted results. The discontinuities in the 
predicted curves, which are paralleled in one 
experimental curve, are caused by a change from rising 
boost to fixed boost operation, see Table 5.19 to 5.21. 
Discrepancies may be attributed to the causes mentioned 
above. The improvement in overall efficiency composed 
with low boost operation. Figure 5.6 (VG), is most notable, 
as also is the improvement over the fixed geometry case.
Figure 5.4 (FG). The 20% efficiency contour cuts deeply 
into the operating field with high boost operation, and 
the 25% contour covers a much larger area. This improvement 
between Figures 5.8 and 5.6 is partly due to the improved 
engine efficiency when operating at high boost, and partly 
due to the higher efficiency of the constant pressure exhaust 
system when operating at high boost. Appendix II contains a
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discussion on the utilisation of pulse energy in engine exhaust 
systems, concluding that at high boost exhaust energy is more 
efficiently utilised in the turbine by damping out pressure 
pulses, while at lower pressure ratios this is not so. The 
exhaust system on the engine was designed with a very large 
volume for high boost operation, and at higher boost ratios, 
2,75, for example, the large, constant pressure exhaust 
on the rig is certainly more efficient than at lower boost 
ratio, eg 2 .2. Stalÿ torques are again predicted reasonably 
well, the point at 450 rev/min, case number 72, is again 
probably in error for reasons given above. Torque conversions 
in the region of 7/1 are achieved with high boost operation, 
without the use of a torque converter. With rising boost 
operation, see Figure 5.10, very high rates of torque back 
up may be achieved. The discontinuities in the predicted 
curves are again due to changes from one operating régime 
(eg rising boost) to another (eg fixed maximum boost), see 
Table 5.22, for example. In the case of the predicted 
curve at Ng 2400, the rise and fall of the main turbine 
field curve' is essentially caused by turbine mismatching.
This is discussed more fully in Chapter 6.
Discrepancies between predicted and measured points are 
rather large in the case of the rising boost curves, and 
an analysis of losses for experimental case 50, Table 5.9, 
is instructive. The corresponding prediction is given in 
Table 5.22, case 0.8 output speed ratio, while the analysis 
is made along line BB in Figure 5.10. If the powers are 
analysed the following is found.
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Measured Predicted
Output power 118,25 175.8
Engine power 235 215
Compressor power 111 112
Turbine power 27.9 72.2
Gear loss 1335 0
(HP)g - (HP)^ basic power level 124 103
Turbine pressure ratio 1.7 2.5
Scavenge ratio 1.79 1.4
The difference in basic power level is 21 hp, to which is added
57.5 hp output power difference, giving about 78 hp to be 
accounted for. Gear losses probably account for some 20 hp, 
as there is undoubtedly a loss in the compressor gear train.
The higher measured engine power indicates this, as a compressor 
gear traifi loss would appear as a higher compressor power in 
the power balance equations. This gear loss leaves approx­
imately 60 hp to be accounted for, a loss which is undoubtedly 
due to the turbine. The difference between predicted and 
presumed measured turbine power is 44 hp, but the variable 
geometry turbine probably gives less than the suggested 27.9 hp 
at this condition. The difference is certainly the result
of the much lower turbine pressure ratio in the measured
case, as the engine had a very high (1.79) scavenge ratio, 
compared with the 1.4 assumed in the predictions. The 
large losses that can be introduced by passing too much air 
through the engine are well illustrated by this case.
Scavenge ratio was nominally held at 1.4 during the tests, 
set in terms of pressure drop. Heat addition unfortunately 
affects this setting, and accuracy was frequently impaired.
A discussion of the effect of scavenge ratio on output is 
given in Chapter 6.
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With variable geometry turbines fitted to the DCE all available 
flow is passed through the more efficient of the turbines, 
thereby avoiding the thermodynamic loss investable with 
bleeding to waste as in the fixed geometry scheme. The 
gains from this change are not at first apparent, as the 
experimental engine speed 2400 lines on Figures 5.4(FG) 
and 5,8(VG) have approximately the same power level. This 
similarity of output power conceals, however, a reduction 
in engine rating in the variable geometry scheme. This 
reduction may be observed by comparing case 41, Table 5.3(FG), 
with case 33, Table 5.8(VG). These experimental cases have 
the same engine and output shaft speeds, and the same 
output shaft power, 140 hp. The engine rating in the 
fixed geometry case is, however, high: 245 hp, 2.95 boost
ratio, and 203 Ibf/in^ bmep, with a scavenge ratio of 1.0, 
giving a high turbine pressure ratio. The rating in the 
variable geometry case is much less severe: 224 hp, 275 boost
ratio, 18 3 Ibf/in^ bmep, with a scavenge ratio of 1.4 3, giving 
a rather lower turbine pressure ratio. The improved turbine 
matching and hence turbine power output in the variable 
geometry case have thus compensated for a marked reduction 
in engine rating. The gain in turbine power is, however, 
rather less than might be expected from the large increase 
in mass flow because of dilution of the exhaust with bypass 
air downstream of the engine, leading to low turbine inlet 
temperatures. The availability of large amounts of excess 
air, and the comparatively cool turbine inlet temperatures, 
led to the proposal that a combustion chamber should be 
installed in the bypass line, when large gains in.turbine 
power could be expected. A combustion chamber has been 
fitted to the rig, but results are not yet available for 
publication. A theoretical assessment of the effect of 
the combustion chamber is given in Chapter 6.
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To sum up, the DCE has been developed from its original form 
into a flexible and reasonably efficient power unit. The 
variable swallowing capacity of the turbines allows operation 
with a very wide range of power levels, and allows very wide 
choice of torque characteristics. Also, the improvement 
in turbine operation has allowed reduction in engine rating 
for corresponding output powers. The large gearbox and 
turbine losses could probably be improved by careful 
detailed design. There are, however, a number of 
the rmo dyn ami c considerations which should be discussed.
Alteration of the main turbine gear ratio obviously affects 
the output power level of the unit. The effect of such 
alterations is discussed in Chapter 6, where the enforced 
choice of 20.3/1 is compared with possible optimum values. 
Further, the auxiliary turbine gear ratio affects the 
torque conversion and low speed power line of the power 
unit, and an optimisation of this gear ratio, for both 
fixed geometry and variable geometry units, is given in 
Chapter 6. .
The pressure drop between inlet and exhaust always 
associated with two-stroke engines leads to a loss in 
turbine power. If a four-stroke engine were installed, 
this loss could be reduced or eliminated, with a con­
sequent gain in turbine power. Accordingly, arrangements 
have been made to install a Perkins 5.354 in the rig; 
the possible consequences of this suggestion are outlined 
in Chapter 6.
Finally, the compressor normally operates with a fairly 
low efficiency, as examination of the tabulated results 
will confirm. Substitution of a high efficiency centrifugal 
compressor is therefore a possibility, and this idea is 
explored more fully in Chapter 6.
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5 .5 TURBOCHARGED ENGINE
The model of the Perkins 6.354 described in Chapter 4 was 
developed in order to investigate its possible substitution 
for the Rootes TS 3 in the DCE. Since a turbocharged 
matching program had already been developed, it was 
decided to plug the 6.354 model into the turbocharged 
program, and synthesise the turbocharged performance of 
the 6.354. The results of this exercise are presented 
in Tables 5.25 - 5.27, while Figure 5.12 contains a 
comparison between the measured operating lines, 
obtained as combinations of mass flow and boost ratio, 
and the predicted lines, both superimposed on the compressor 
characteristic The measured operating points correspond 
to those embodied in Table 4.5.
Some notes on the synthesis may be useful. Since the 
turbine, the Holset 3LD, was a vaneless type, no 
analytical treatment was available. An estimate of 
mass flow was available, however, so a notional nozzle 
angle was assumed which would give a corresponding mass 
flow. The value taken was 28 . Similarly, efficiency 
was scaled to match a peak supplied by the makers.
Turbine geometry as supplied by the manufacturers was 
used, as was the compressor characteristic reproduced 
in Figure 5.12. A treatment of the aftercooler, based 
on the description given in Chapter 4, was included in 
the program, and this accounts for the difference 
between compressor pressure ratio and engine boost 
ratio in Tables 5.25 - 5.27.
Examining Figure 5.12, agreement between measured and 
predicted results may be regarded as very satisfactory.
The operating lines are reproduced very well, with only 
small differences in pressure level. Admittedly, this 
represents a re-synthesis of the data from which the 
engine model was produced, but the agreement does lend 
credence to the approach, where pressure wave effects 
are neglected, and turbine performance is synthesised 
from geometry, with compressor performance presented 
as an array.
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Since reasonable agreement is observed between measured and 
calculated performance for the turbocharged configuration, 
the investigation into a possible free turbocharged operating 
field for the TS 3 given in Chapter 6, may be regarded as 
reasonably reliable, given components with the predicted 
efficiency.
5.6 SUMMARY
This chapter has contained an examination of the validity 
of the matching analysis described in Chapter 4. The 
accuracy of the treatment was found to depend on the 
care with which losses were modelled, but the general 
premises of the treatment may be regarded as justified.
An analysis of the performance of the DCE rig was 
combined with this comparison, and possible future 
developme'nts indicated. With some confidence in 
the analytical technique, the next chapter contains 
an exploration of some possible future developments 
of the DCE concept, together with an examination of 
free turbocharging of two-stroke engines.
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FIG. 5. 2. TURBINE LOSS CORRELATION














































FIG. 5 4 . OUTPUT SHAFT POWER, DCE WITH FG TURBINES.
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F IG .5.8. DCE WITH VG TURBINES,OUTPUT POWER
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CHAPTER 6 - OPTIMISATION AND MATCHING STUDIES
6.1 INTRODUCTION
This chapter will consist of an account of a number of 
optimisation and matching studies which have been 
performed with the aid of the matching analysis whose 
development was described in Chapter 4. Most of the 
work has been concerned with the differential compound 
engine, and with possible future developments of this 
concept. Some work has, however, been done on con­
figurations other than the DCE. The synthesis of the
6,354 operating field was described in Chapter ,5, while 
a study of a possible free turbo charged field for the 
TS 3 is included in this chapter. The treatment has 
also been used to synthesise performance of an 
advanced turbocharged configuration involving a 
combustion chamber, both with and without an engine 
running. The results of this treatment are not, 
however, available for publication.
Considerable use has been made of the analysis in 
attempting to predict the performance of the laboratory 
version of the DCE at ratings attainable by the rig. 
Performance predictions for the version with fixed 
geometry turbines have been given in Tables 5.12 to 
5.15, while these estimates are to be found plotted 
in Figures 5.3, 5.4 and 5.5. Performance of the 
variable geometry scheme at various pressure ratios 
has been presented in Tables 5.16 to 5.24, and these 
predictions are included in Figures 5.6 to 5.11.
These predictions corresponding to currently achievable 
ratings have already been fully discussed, and will not 
be considered further here. Instead, this chapter 
will be concerned with theoretical studies, both of 
optimisation in terms of gear ratio and operating point,
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and of possible future extensions of the DCE. The DCE will 
be considered in Section 6.2. Section 6.2J. will consist of 
an account of a number of optimisation studies, while 
Section 6.22 will contain a discussion of an alternate 
rating for the original DCE scheme. Section 6.2.3 will 
contain a discussion of afterburning, while braking and 
reversing will be examined in Section 6.2.4. Changes 
in the major components of the DCE will be examined in 
Section 6.2.5, which will conclude the discussion of 
the DCE. An examination of a possible free turbocharged 
field for the TS 3, Section 6.3, will conclude the 
chapter.
6.2 OPTIMISATION AND MATCHING STUDIES ON THE DCE
6,2.1 Gear Ratio and Operating Point
The essential feature of the differential compound 
engine as patented is the auxiliary turbine, fitted 
in addition to the main turbine. Both main and 
auxiliary turbines are geared to the output shaft 
of the epicyclic gearing, and the choice of gear 
ratios for the two turbines is obviously a matching 
problem which has to be resolved in terms of 
required power unit performance. A number of 
studies have been made to decide upon optimum 
gear ratio for the DCE, and these are described 
in this Section.
The version fitted with fixed geometry turbines 
will be considered first. The main turbine gear 
ratio of the 3/1 rating of this scheme, 20.3, 
was specified by Perkins Engines Company as the 
result of an optimisation study(26), and has been 
accepted as an optimum for the fixed geometry scheme,
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The auxiliary turbine gear ratio has, however, been 
investigated. The results of this work are plotted 
in Figure 6.1, where performance at engine speed 
2500 rev/min with gear ratios varying between 36.4 
and 97.0 is plotted. The extremes of this range 
are given in Tables 6.1 and 6.2, while calculations 
with the chosen value of 58.2 are given in Tables 
5.12 to 5.15 and plotted in Figure 5.5. The 
turbine considered was the notional axial flow 
turbine discussed in Chapter 4. The high torque 
conversion that may be achieved by suitable 
gearing is shown in Figure 6.1, as also is the 
way in which high torque conversions are achieved 
at the expense of auxiliary turbine operating 
field width. Required torque conversion is 
determined by application, and no clear optimum 
exists. For the purpose of performance predictions, 
therefore, a median value of 58.2 was chosen, and 
detailed predictions made with this value, see 
Chapter 5.
An alternate rating was proposed for the fixed 
geometry scheme, with a nominal pressure ratio of 
4/1. This is discussed more fully below, but a 
plot of torque conversion with varying auxiliary 
gear ratios is given in Figure 6.2. The points 
mentioned above apply to these curves also, and 
the chosen optimum value was that placing design 
(N//r) for the auxiliary turbine at 0.2 output 
shaft speed ratio. Overall performance with 
this gear ratio is discussed in 6.2.2 below.
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Turning to consideration of the variable geometry 
schemes, the enforced choice of main turbine gear 
ratio at 20.3/1 has been mentioned in Chapter 2, 
where experimental apparatus was discussed. In 
Figure 6.3, performance at engine speed 2500 rev/min 
with gear ratios varying between 14/1 and 26/1 is 
plotted. The data for Figure 6.3 are taken from 
Tables 6.3 to 6.15. The gear ratio on the 
laboratory rig gives a turbine speed of
55.000 rev/min at maximum output shaft speed, 
which gives an (N/*^) value of 1500 approximately. 
This is somewhat over the value giving peak 
efficiency (1300 approx), which is achieved at 
maximum output shaft speed with a gear ratio of
16.0 or 17.0. Output shaft power at design 
output shaft speed thus peaks with a gear ratio 
of 16.5, approximately. Note that higher 
efficiencies are attained by the turbines as 
the nozzles open, see Table 6.6, for example, 
where peak turbine efficiency is attained at 
output speed ratios 0.7 and 0.8. This implies 
a basic mismatching for size, but does help to 
give the power curve shown in Figure 6.3 where 
power tends to increase after an initial fall as 
output speed is reduced. The initial fall in 
power shewn by all curves is caused by excess 
air dilution of the exhaust flow causing 
reduction of turbine inlet temperature. High 
gear ratios depress the high speed end of the 
power curve, but give high power in the medium 
speed range. Obviously, there is no clear 
optimum, and a gear ratio would be selected
to suit a particular application.
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The enforced choice of auxiliary turbine gear ratio 
at 50.5/1 was mentioned in Chapters 2 and 5. The 
relationship between this ratio and other possible 
values is presented in Figure 6.4, where gear ratios 
varying between 30/1 and 70/1 are investigated.
One extreme of the range is given in Table 6.16, 
while the other has already been given as Table 
6.9. Again, there is no clear optimum, but 70/1 
probably represents an acceptable choice and was 
used in the main turbine gear optimisation 
discussed above.
With variable geometry turbines fitted, a very 
free choice of engine operating point is possible. 
Boost ratio and scavenge ratio may be varied 
within very wide limits. The effect of running 
at different boost levels has been discussed in 
Chapter 5, where a high boost was found to be 
preferable, as engine efficiency rises with boost 
ratio. Engine scavenge ratio was held nominally 
constant at 14 during the experimental tests on 
the DCE and this value was used in all the 
predictions given in Chapter 5. A scavenge 
ratio of 1.4 was chosen as a compromise to give 
acceptable internal cooling of the highly rated 
engine, without incurring too great a penalty in 
pressure drop. It might be thought that, given 
an adequately cooled engine, running with a lower 
scavenge ratio would give an improvement. A series 
of predictions to tests this supposition. Tables 
6.17 to 6.20, plotted in Figure 6.5, show the 
position not to be so clear cut. The fixed main 
turbine gear ratio of 20.3/1 was assumed, and the 
optimum boost ratio of 2.75/1. A reduction of 
scavenge ratio is found to reduce output shaft 
power at maximum speed, the reason being the 
progressive overspeeding of the turbine from 
(N//r) = 1571 at scavenge ratio 1.3 to (N//t) = 1752 
at scavenge ratio,I ]Q0.
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The overspeeding is caused by the progressive 
reduction in turbine entry temperature with 
reducing scavenge ratio. This reduction in 
mixed turbine inlet temperature is at first 
surprising, as total airflow is constant, and 
engine power being constant, heat rejection 
to exhaust should be constant. The coolant 
heat flux of the TS 3, however, varies inversely 
with scavenge ratio (see Chapter 4) causing a 
reduction in exhaust heat rejection with falling 
scavenge ratio, leading to the observed reduction 
in mixed exhaust temperature. At high speeds, 
this reduction in inlet temperature outweighs 
the effect of the higher turbine pressure ratio, 
giving an optimum scavenge ratio of about 1.35 
(no bypass), at maximum output shaft speed. At 
medium speeds, with the turbine at peak efficiency, 
the situation is reversed, and the lower values of 
scavenge ratio give higher powers. Evidently, 
for'maximum efficiency with the given gear ratio, 
scavenge ratio should be scheduled with output 
shaft speed, from an optimum 1.35 at high speed, 
to a minimum at lower speeds.
6.2.2 Higher Rating, Fixed Geometry Scheme
The original proposal for the DCE(26) assumed that 
compressors and engine would be able to reach 
pressure ratios of 4/1 without difficulty, and 
the scheme was designed on this assumption. This 
accounts in part for the very generous size of the 
main gearbox, with its disproportionate losses at 
the ratings generally used. Performance of the DCE, 
with fixed geometry turbines, at a 4/1 pressure ratio 
is presented in Figures 6.6 and 6.7. Note that the
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turbine assumed in these predictions was that given 
in Figures 4,12 and 4.13, with a marked dependence 
of mass flow on speed. The auxiliary turbine gear 
ratio optimisation has been described above. This 
scheme suffers from the deficiency generally found 
with the fixed geometry scheme of excessive bleeding 
to waste, causing a rapid fall of output power with 
engine speed. The use of 'cold' air also leads to 
a generally small auxiliary turbine contribution. 
Comparison between this scheme and the proposed 
4/1 rating with 6.354 and variable geometry discussed 
below (see Figure 4.10) will show that the 
variable geometry scheme is superior, and the fixed 
geometry proposals may be regarded as superceded.
In order to investigate the effect of allowing 
boost ratio to rise freely, with fixed turbine 
geometry, the curves given in Figure 6.8 were 
produced. As may be seen, if boost is allowed 
to rise from 3/1 to 4/1, design output power may 
be maintained for half the speed range with good 
efficiency. This does, however, imply a derating 
of the engine at design, an undesirable feature.
The curves given in Figure 6.8 illustrate well 
the importance of correct turbine matching. In 
the 3/1 case, the turbine is overspeeded at design 
point, with the result that as speed falls, turbine 
power rises, then falls off gradually giving a 
gently falling output power characteristic. In 
the 4/1 case, the turbine is at its design point 
at design output shaft speed, and turbine power 
falls off rapidly, giving the output power 
characteristics shown, where power falls off 
sharply. It would probably be impossible to 
overspeed safely at 4/1 to achieve the more 
desirable level output power characteristic, 




During the discussion of experimental results for 
the variable geometry scheme, the large amounts 
of excess air available for entry'to the turbine 
were mentioned. This excess air is bypassed 
round the engine, mixing with engine exhaust gases 
before entry to the turbine. The low turbine entry 
temperatures caused by this procedure are wasteful, 
to an extent which may be assessed by comparing 
Table 6.21 with Table 5.16. These Tables are both 
settings at engine speed.2400 rev/min, boost ratio 
2.2. In Table 6.21, however, all bypass is taken to 
waste, whereas in Table 5.16 the mixing calculation 
is performed. The effect of bypassing to waste is 
seen as a considerable gain of turbine power in the 
high speed range. At design point, bypassing to 
waste actually turns a negative turbine power into 
a positive power. This change occurs because with 
all' flow mixing with the exhaust, mass flow and hence 
nozzle angle are large (22.28°), and (N//f) is high 
(1849), see Table 5.16. Reference to the turbine 
characteristic. Figure 4.15d, shows that this 
operating point implies a negative torque. When 
bypass is taken to waste, nozzle angle is reduced 
(to 12.7°) and (N//T) is also reduced (to 1623), 
see Table 6.21. Reference to the turbine 
characteristic in Figure 4.15b shows that the 
operating point has now been moved to a 
positive torque region, with a consequent gain 
in output power. Since low turbine inlet temperatures 
can thus be wasteful and excess air is available, 
afterburning becomes attractive. A combustion chamber 
could be fitted either in the bypass line, or in the 
exhaust after mixing. For the calculations, the 
combustion chamber was assumed to be in the exhaust 
after mixing. The predicted effect of afterburning 
on a particular engine condition (r^ 2.75, Ng 2400) 
is given by comparing Tables 6.22 and 6.23 (for
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1800 °R and llBOO °R turbine inlet temperatures), with 
the non-afterburning case in Table 6.17, The 
comparison is made in Figure 6.9. Substantial 
potential gains in output power may be observed, 
with a moderate fall in overall efficiency. The 
much enlarged and improved auxiliary turbine 
'contribution is notable, allowing a constant 
horsepower envelope to be maintained down to low 
output shaft speeds. Afterburning is thus an 
attractive addition to the DCE for some applications, 
where a limited 'sprint* rating is needed. The 
efficiency penalty would probably render efficiency 
unacceptable for general use.
With afterburning an attractive addition to the DCE, 
a programme of experimental work on afterburning on 
the DCE has been undertaken. The work was not 
performed by the author, but by Few(36). The tests 
were limited to the main turbine field, and covered 
engine speeds of 1500, 2000 and 2400 rev/min, at 
boost ratios of 1.8, 2.2 and 2.75. Turbine inlet 
temperatures of 1500 and 1000 °R were achieved.
An extract from these results is included in 
Figure 6.9. Predicted performance for the 
afterburning case is given in Table 6.24, predicted 
values without afterburning may be found in Table 5.16. 
The good agreement observed between experimental and 
predicted values in the case shown in Figure 6.9 
is typical of the whole series of tests, a full 
account of which will be given by Few(36). The 
good agreement observed lends some confidence to 
the predictions involving higher temperatures already 
given and to follow below.
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6.2.4 Braking and Reversing
One problem associated with the DCE for automotive 
use is the lack of engine assisted braking, a 
disadvantage shared by automotive gas turbine schemes.
The problem is aggravated in the DCE by the need to 
maintain a certain engine speed at a given output 
shaft speed in order to prevent compressor reversal.
This is indicated in Figure 4.37, where the engine 
idling line is shown.
With variable geometry turbine nozzles fitted, there 
is a possibility of reversing these nozzles completely, 
and thereby producing negative torque from the turbine.
The turbine characteristics produced by this arrange­
ment have been discussed in Chapter 4, and are shown 
in Figures 4.26 and 4.27. Tentative calculations 
showed that for a typical case, with boost ratio 
r^ = U5, output shaft speed ratio 0.17, the 
negative torque contribution of the turbine would 
be 475 Ibf ft, giving an output torque of -355 Ibf ft 
compared with the corresponding driving torque at 
the same condition of 458 Ibf ft. A further 
exploration of maximum achievable negative torques 
is given in Tables 6.25 and 6.26. The torque 
conversions given in these Tables are compared 
with the design torque of 400 Ibf ft. As may be 
seen, large braking torques may be generated, though 
at the cost of burning fuel in the engine.
Since using fuel for braking is essentially wasteful, 
reversed nozzles may be more useful for reversing.
Table 6.27 presents a limited exploration of full 
power reversing. A starting torque in reverse of 
approximately 1000 Ibf ft is achievable, which 
increases with increased reversing speed, to a 
maximum of about 2400 Ibf ft at a reverse speed of 
0.2 design output speed. The reversing field would 
probably run out at a reversing speed of about half 
design output shaft speed.
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6,2,5 Component Substitutions
Two possible component changes will be discussed in 
this section. The changes considered are replacement 
of the TS 3 engine by the Perkins 6.354 fourystroke 
engine and replacement of the positive displacement 
compressor by a centrifugal unit. The two sub­
stitutions are considered separately below.
During discussion of the experimental results in 
Chapter 5, the loss of turbine power entailed by 
the pressure drop inevitable in a two-stroke 
engine was mentioned. It was suggested that if 
the TS 3 were replaced by some suitable four-stroke 
engine, the DCE scheme would probably become 
somewhat more attractive because of improved 
turbine operation. The Perkins 6.354 engine has 
roughly the same air consumption as the TS 3, 
and in order to predict the performance of the 
DCE fitted with this engine, a mathematical 
model of this engine was developed as described 
in Chapter 4. DCE performance synthesised with 
the end of this model is presented in Tables 
6.28 to 6.32 while values from these tables 
are plotted in Figures 6.10 and 6.11. A plot 
of DCE performance with the TS 3 at comparable 
ratings is given in Figure 6.12 for comparison.
Data for Figure 6.12 were obtained from Tables 
5.22, 5.23 and 5.24.
Considering first the substitution with existing 
gear ratios, and without afterburning, the performance 
of the DCE with 6.354 fitted may be regarded as 
acceptable, being very comparable to the performance 
with TS 3. The slightly lower efficiencies are 
probably falsely predicted, as the engine model 
included losses due to fan, etc, not included in 
the TS 3 model. The improved auxiliary turbine 
field due to higher pressure ratio is most noticeable.
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Scavenge ratio for the 6.354 was assumed to be 1.0 
where there was no bypass, giving a pressure rise 
across the engine. Where bypass was necessary, a 
value of scavenge ratio was found which would give 
a small pressure drop, ensuring correct flov. The 
much lower scavenge ratios usual with the 6.354 
mean that more air is bypassed than with the TS 3.
There is thus more potential for gain from after­
burning, as may be seen from Table 6.27 and 
Figure 6.10, comparing this with Figure 6.9.
Gains in the auxiliary turbine field especially 
are very large, making the 'sprint' rating 
with afterburning more attractive with the
6.354 than with the TS 3. Loss of overall 
efficiency is not serious, being in the order 
of two percentage points.
With the 6.354 fitted, the compressor and turbine 
power are more nearly in balance than with the 
TS 3 fitted. It thus becomes attractive to attempt 
to improve the standard Lysholm compressor in an 
attempt to achieve balance. The results of this 
investigation are presented in Tables 6.31 and 
6.32, and included in Figures 6.10 and 6.11. The 
pressure ratio was increased to 4/1, and the 
compressor efficiency scaled such that improved =1.15 x 
standard. A certain amount of turbine 
rematching would be necessary with this scheme, 
and tentative gear ratios are indicated on Table 6.32.
A more detailed investigation of these would be 
required before such a rig were built, possibly 
indicating a two-stage turbine as mentioned with 
the fixed geometry 4/1 rating. There is a con­
siderable gain in power over the 3/1 ratings as 
might be expected. The power curve is less level than with 
the 3/1 rating as with the 4/1 fixed geometry 
scheme. Figure 6.8, indicating a need for more 
careful matching or possibly a two-stage turbine.
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The possible gain from bleeding air to waste over 
a limited range is indicated by Table 6.33, and 
shown in Figure 6,10. Overall efficiencies are 
generally high with this scheme, there being an 
excess of turbine power over compressor power point 
of the range. With careful matching, and intensive 
'development of the compressor, to achieve the 
stipulated efficiencies, this scheme would 
probably be the most attractive of all those 
involving a positive displacement compressor.
The high noise level and the generally low 
efficiency of the positive displacement 
compressor, the latter caused at low speeds 
mainly by tip leakage, led to proposals to 
replace the Lysholm type compressor by a 
centrifugal compressor developed to give a 
wide variation of mass flow with speed. The 
compressor adopted for this study was a two-stage 
unit (33) whose characteristic has been given 
in Figure 4.33, Chapter 4.. This compressor has 
a very high peak efficiency (83%) and a wide mass 
flow range at pressure ratios up to .5/1. A scaling 
factor was assumed to be applied to the mass flow 
axis of this characteristic where necessary.
Maximum compressor speed was taken as 49,500 rev/min, 
with engine speed reduction in some cases to 
achieve this.
The computations involve the following cases:
A High torque conversion scheme, primarily 
for use without afterburning, with TS 3 
and 6.354 engine (Tables 6.34, 6.35,
6.36, 6.37, Figures 6.13 and 6.14)
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B power, with and without afterburning, with
TS 3 and 6.354 engine (Tables 6.38, 6.39, 6.48, 
6.49, Figures 6.15, 6.16)
C Gas generator scheme, ie dispensing with
differential gear connection, designed for 
afterburning and very high outputs, with TS 3 
and 6.354 engine (Tables 6.42, 6.43, 6.44,
6.45, Figures 6.17 and 6.18)
In the case of schemes A and B the use of the 
centrifugal compressor imposes certain constraints.
In particular, the design point rating has to be 
chosen such as to limit the degree of compressor 
overspeeding at output shaft stall. Since the 
degree of overspeeding is much more severely 
limited with this compressor than with the Lysholm 
type
(N j o/s speed  ^c max
from the power balance criterion 
des
(Pw>c des
see Section 4.7.7.2, Chapter 4, the compressor 
power at design has to be raised and engine power 
correspondingly lowered. Hence in Scheme B boost 
has been raised from 3 : 1 to 4 : 1, and the engine 
trapped air fuel ratio has been raised to 45.8.
This inevitably results in high overall excess air 
quantities and depressed turbine inlet temperatures 
which largely offset the improved compressor 
efficiency. In the high torque conversion scheme 
A these remarks apply with even greater force.
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The gas generator Scheme C has the main advantages of 
greater simplicity and greatly enhanced power, both 
at the expense of overall efficiency. The increase 
in power is due to removal of the constraints 
imposed on the engine/compressor power relation 
by the differential arrangement, as well as the 
use of afterburning.
Scheme Ar High Torque Conversion (Tables 6.34, 6.35, 
6.36 and 6.37, Figures 6.13 and 6.14)
Hi^ torque conversion is achieved by allowing boost
pressure ratio to rise from 3.0 at maximum o/s speed
to 5.0 at stall, with resultant continuous increase
in engine power requirement, with a considerably
'derated* engine at (N , ) . The torque back upo/s max  ^ ^
rate is extremely high, the stall torque conversion 
being 12.2, and the overall efficiency level is 
acceptable.
The results of Tables 6.34 and 6.35 apply to the
TS 3 engine, those in Tables 6.36 and 6.37 to the
6.354 engine. The torque curves for the two
schemes. Figure 6.14 are virtually identical, but
the power curves. Figure 6.13 show a very considerable
increase in the case of the 6.354 engine. Due to
the continuous increase in engine boost and power
stipulated for this scheme, the o/s power peak
occurs in the auxiliary turbine operating régime
at N , /(N , ) - . =0.3, with respective valueso/s o/s design ^
of 252.8 and 288.3 hp for the TS 3 and 6.354 engine, 
respectively. Tables 6.32 and 6.34 show that, due to 
the somewhat higher efficiency of the TS 3 engine, 
overall efficiencies for the TS 3 scheme are between 
1 and 2% in excess of those for the 6.354 scheme.
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Scheme B: High Power, with and without Afterburning
(Tables 6.38 - 6.41, Figures 6.15, 6.16)
Compared with Scheme A, this scheme operates at 
substantially constant engine power, and constant 
boost, and gives substantially higher power at the 
output shaft than Scheme A. However, overall 
efficiencies are depressed by the persistent 
unbalance between compressor and turbine power 
imposed by the constraints on engine/compressor 
power already discussed above. As in the case of 
the high torque backup scheme A, the o/s power 
level for the 6.354 version of scheme B is con­
sistently higher than that for the TS 3 version, 
and the efficiency consistently lower, o/s power 
peaks at 213.5 hp for the TS 3 scheme, and at 
243.8 hp for the 6.354 scheme, in both cases at
N / /(N , ) , . =0.7. The power envelope iso/s o/s design
very satisfactory in both cases, the higher power 
level of the 6.354 scheme being attributable almost 
exclusively to the considerable increase in turbine 
power arising from the much higher turbine pressure 
ratio. This in turn results from the pressure rise 
across the 4 stroke engine at the assumed scavenge 
ratio X = 1.0 as against a pressure drop across 
the 2 stroke engine at X = 1.3. The remarks made 
above about the 6.354 scavenge ratio apply here. 
Where no bypass was present, a scavenge ratio of
1.0 was assumed. With bypass, scavenge ratio was 
adjusted to give a small pressure drop of 2%.
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Scheme B is very satisfactory in all respects but one, 
viz, the relatively low level of overall efficiency 
due to the high overall air fuel ratio and resultant 
low turbine inlet temperatures imposed by the 
relationship between engine/compressor power ratio 
at the design point and the low permitted degree of 
compressor overspeeding. This is inherent in the 
use of a centrifugal compressor and unfortunately 
cancels the effect of the superior efficiency of 
this type compared with the Lysholm compressor.
Tables 6.39 and 6.41 refer to Scheme B, with the 
TS 3 and 6.354 engine, respectively, but using 
afterburning with a controlled turbine inlet 
temperature of 1800 °R. Figures 6.15 and 6.16 
show the corresponding torque and power curves.
Power is increased by approximately 60% and 
efficiency only marginally reduced by between 1 
and 2 percentage points. The increase in o/s 
power level to 350 - 400 hp is clearly a very 
att ract i ve fe at ure.
Scheme C; Gas Generator with and without Afterbuming 
(Tables 6.42 - 6.45, Figures 6.17, 6.18)
Since gas generator schemes have frequently been put 
forward as a simpler alternative to the DCE scheme, 
comparative computations were performed for the 
following schemes:
TS 3 engine without afterbuming (Table 6.42)
TS 3 engine with afterbuming (Table 6.4 3) -
6.354 engine without afterbuming (Table 6.44)-^
6.354 engine with afterbuming (Table 6.45)
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The plotted results (Figures 6,17 and 6.18) should 
be compared to those for scheme B (Figures 6.15 and 
6.16).
The chosen turbine gear ratios of 25 for the main 
turbine and 75 for the auxiliary turbine (cf 20.3 
and 50.5 for scheme B) make a direct comparison 
somewhat difficult. The choice of these gear ratios 
was intended to provide a level efficiencyt
characteristic, but does lead to a pronounced 'dip’ 
in power.
Since o/s power is now provided exclusively by the 
turbine, as opposed to a combination of engine and 
turbine power, a less level power envelope is 
unavoidable, but comparing the 6.354 version of 
the gas generator scheme with afterbuming (Table
6.45, Figure 6.17) with the 6.354 version of 
scheme B with afterbuming (Table 6.19, Figure 
6.15), the case for the DCE scheme when a 
centrifugal compressor is used cannot be described 
as a strong one. Maximum o/s power is very 
considerably higher for the gas generator scheme 
(444.8 hp cf 405.0 hp) and the general efficiency 
level is of the same order, though the 'dip' is 
rather more pronounced near turbine changeover.
This objection could largely be removed by lowering 
the gear ratio of auxiliary turbine.
Although no part load calculations have been performed, 
it is likely that under these conditions the DCE 
scheme would show up to some advantage.
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In terms of bulk, the only disadvantage of the gas 
generator scheme is that it uses a considerably 
larger compressor (scale ratio = 1,67 compared 
with scheme B), but this would be more than offset 
by the simpler gearbox.
The comparison between the gas generator scheme C 
and the DCE scheme B becomes rather more favourable 
to the latter when the case without afterbuming 
is taken (Table 6.44 for the 6.354 version of 
scheme C, Table 6.40 for the 6.354 version of 
the DCE scheme B). Maximum power for the latter 
in the main turbine operating régime is 243.8 
compared with 231.3 and efficiency is some 2 
percentage points higher.
The results of this investigation are somewhat 
disappointing. Power balance considerations 
imposed by the characteristics of the centrifugal 
compressor lead to the adoption of high air fuel 
ratios which largely nullify the effects of 
improved compressor efficiency.
The pure gas generator scheme with afterbuming 
using the 6.354 engine is possibly the most 
promising of the schemes investigated, with very 
high potential output (440 hp) at engine powers 
only just exceeding 300 hp.
A further observation is that the power gain with 
afterbuming is greater when centrifugal compressors 
are used, compared with the present Lysholm 
compressors, due to the more generous air margins 
already referred to.
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Of the various substitutions that have been 
investigated, the 6.354 with improved Lysholm 
compressor appears to be the most attractive.
The centrifugal compressor investigation was 
disappointing, as large amounts of excess air 
were always necessary to achieve acceptable 
power levels with low overspeed ratios. This 
excess air caused in all'cases a penalty in 
turbine power due to reduced inlet temperatures 
after mixing. It would probably prove impossible 
to develop a centrifugal compressor with an 
adequately linear relationship between speed 
and mass flow over a wide enough range to match 
acceptably with the DCE epicyclic gearing. It 
mi^t prove possible to do this with variable 
geometry in the compressor and work on 
compressor design is proceeding at Bath 
University(21).
6.3 TUÏ^OCHARCING THE TS 3
In response to interest in a possible free 
turbocharged field for opposed piston two-stroke 
engines, the possibility of fitting a turbocharger 
with variable turbine geometry to the TS 3 was 
explored. Several compressors were examined for 
mass flow matching, and of CAV type 24, Holset 
3LD and CAV type 300, the CAV type 300 was 
selected as being the most suitable. The 
synthesis was on the basis that a minimum 
scavenge ratio of 1,0 had to be achieved for 
acceptable engine operation. Four engine speeds 
were chosen, 2400, 2000, 1500 and 1000 rev/min, 
and the field at each speed determined^,the 
limitations being on scavenge ratio, mentioned 
above, trapped air fuel ratio, limited to 20.0, 
and the occurrence of compressor surge. The 
operating field is defined in Figure 6.19. This
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figure has been plotted from a large number of cases, 
of which samples are given in Tables 6.46 to 6.49.
These cases are superimposed on the compressor map 
in Figure 6.20. In these Tables, a column of zeros 
with a trapped air/fuel ratio given indicates, the 
occurrence of compressor surge. As may be seen 
from Figures 6.19 and 6.20, a free turbocharged 
field with variable inlet geometry to the turbine 
does exist, but is rather limited. In particular, 
no true idling is possible. The very small 
field for 1000 rev/min could be extended by 
rematching the compressor (see Figure 6.20), 
which would possibly then give an idling condition.
The assumed turbine efficiencies are rather high 
for such a small diameter (4 in) unit: some
development would probably be needed to achieve 
these values. Within the operating field, 
however, high boost ratios are possible, the 
maximum being over 2.0, with consequent engine 
powers in excess of 200 hp. The high boost 
operating region is rather near to surge, but 
if the operating line is moved, by adjusting 
nozzle angle, boost ratios fall, with consequent 
reduction in engine power. This feature could 

















Figure 61 Auxiliary turbine optimisation 
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Figure 6 5 Scavenge ratio optimisation 
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Figure 6-11 DCE with 6-354, Torque conversion
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CHAPTER 7 -  CONCLUSIONS
7 .1  INTRODUCTION
A number o f  c o n c lu s io n s  may be drawn fro m  th e  work 
d e s c r ib e d  in  t h i s  t h e s is . They f a l l  i n t o  th re e  b road  
g ro up s , m a tch in g  th e  th re e  main stream s o f  th e  w o rk .
Some c o n c lu s io n s  drawn from  th e  e x p e r im e n ta l work 
on th e  DCE w i l l  be g iv e n  in  S e c tio n  7 .2 ,  w h ile  
c o n c lu s io n s  drawn fro m  th e  t h e o r e t ic a l  work on th e  
DCE are g ive n  in  S e c tio n  7 .3 .  The f re e  tu rb o c h a rg e d  
f i e l d  o f  th e  TS 3 w i l l  be d iscu sse d  in  S e c tio n  7 .4 ,  
and f i n a l l y ,  an assessm ent o f  th e  m a tch in g  a n a ly s is  
i t s e l f  w i l l  be g ive n  in  S e c tio n  7 .5 .
7 .2  THE EXPERIMENTAL WORK
C onc lus ions  drawn fro m  th e  e x p e r im e n ta l work on th e  
DCE d iscu sse d  f u l l y  in  C hap te r 5 are  ta b u la te d  b e lo w .
1 . The s e r ie s  o f  te s ts  on th e  DCE scheme, u s in g  th e
TS 3 e n g in e , has shown t h a t  th e  f i t t i n g  o f  v a r ia b le  
geom etry tu rb in e s  has g ive n  an im provem ent in  o u tp u t 
s h a f t  to rq u e  speed c h a r a c te r is t ic s ,  o v e r the  
e a r l i e r  f ix e d  geom etry scheme. A b s o lu te  power 
le v e ls  in  th e  v a r ia b le  geom etry te s ts  have been 
k e p t r a th e r  lo w e r th a n  in  th e  f ix e d  geom etry t e s t s ,  
and th e  im proved  o u tp u t c h a r a c te r is t ic s  have been 
seen as s im i la r  o u tp u t power le v e ls  w ith  reduced 
e ng ine  r a t in g s  in  th e  v a r ia b le  geom etry scheme.
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2 . In c o rp o ra t io n  o f  v a r ia b le  tu r b in e  geom etry in  th e  
DCE scheme le a d s  to  g re a t f l e x i b i l i t y  o v e r and above 
t h a t  o r i g in a l l y  e n v isa g e d , eg
( i )  f re e  ch o ice  o f  b o o s t p re s s u re  r a t i o  and 
scavenge r a t i o
*
( i i )  p o s s ib le  use o f  low  com pression eng ines by 
a d ]u s tm e n t o f  b o o s t in  re s p e c t o f  b o th  
s t a r t a b i l i t y  and maximum o u tp u t
( i i i )  o p t im is a t io n  o f  eng ine  o p e ra t in g  c o n d it io n s  
w ith  re s p e c t t o  pow er, e f f ic ie n c y ,  o r  
e m is s io n .
3. The v a r ia b le  geom etry tu rb in e s  f i t t e d  to  th e  DCE are 
r a th e r  d e f ic ie n t  in  d e s ig n , and p o s s ib ly  r a th e r  la r g e .  
D e ta i le d  des ign  im provem ents on th e  n o z z le  r in g  w ou ld  
im prove tu r b in e  e f f ic ie n c y ,  and hence o v e r a l l  p la n t  
e f f i c i e n c y .
4 . The b a s ic  c o n c lu s io n  t h a t  may be drawn from  the  
e x p e r im e n ta l w ork i s  t h a t  th e  v e rs io n  o f  th e  DCE 
w ith  f ix e d  tu r b in e  geom etry may be re g a rde d  as 
superceded , and t h a t  fu tu r e  e f f o r t  s h o u ld  be 
c o n c e n tra te d  on a v e rs io n  in c o r p o r a t in g  v a r ia b le  
geom etry tu r b in e s ,  and an im proved  Lysholm  com pressor.
5 . The e x p e r im e n ta l work on a f te r b u r n in g  on th e  DCE(36) 
a lth o u g h  n o t re p o r te d  in  f u l l  in  t h i s  th e s is ,  has 
shewn good agreem ent between p re d ic te d  and e x p e r im e n ta l 
perfo rm ance o v e r a l im i t e d  range o f  c o n d it io n s .  T h is  
in d ic a te s  t h a t  a s e r io u s  s tu d y  s h o u ld  be made o f  
a f te r b u r n in g ,  and in  p a r t i c u la r  t h a t  some a tte m p t
to  v e r i f y  th e  p o t e n t ia l l y  v e ry  la rg e  ga ins  in  th e  
a u x i l ia r y  tu r b in e  f i e l d  s h o u ld  be made.
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7 .3  THEORETICAL STUDIES OF THE DCE
The t h e o r e t ic a l  s tu d ie s  o f  th e  DCE were und e rtake n  f o r  
tw o re a so n s . F i r s t ,  a number o f  o p t im is a t io n  s tu d ie s  
were done in  o rd e r  t o  to  assess th e  amount by w h ich  
th e  DCE o u tp u t w ou ld  be t a i lo r e d  t o  a s p e c i f i c  a p p l ic a t io n .
In  th e  absence o f  a p r e c is e ly  fo rm u la te d  a p p l ic a t io n  
s p e c i f ic a t io n  no c le a r  c o n c lu s io n  as to  optimum gea r 
r a t io s  o r  o p e ra t in g  p o in ts  c o u ld  be d raw n. The second 
p a r t  o f  th e  t h e o r e t ic a l  w ork c o n s is te d  o f  an e xa m in a tio n  
o f  th e  p o s s ib le  fu tu r e  o f  th e  DCE. Some f i r m e r  
co n c lu s io n s  were p o s s ib le  h e re . C o n c lus ion s  drawn 
fro m  th e  t h e o r e t ic a l  work a re  ta b u la te d  b e lo w .
1 . O p t im is a t io n  s tu d ie s  on th e  DCE in d ic a te  t h a t
o u tp u t power and to rq u e  c h a r a c te r is t ic s  may be
v a r ie d  w i t h in  w ide  l im i t s  by a d ju s tm e n t o f  gea r 
r a t io s ,  e tc .  F u r th e r ,  a v e ry  f re e  ch o ice  o f  
o p e ra t in g  p o in t  i s  p o s s ib le ,  le a d in g  to  
o p t im is a t io n  o f  e ng ine  o p e ra t io n  in  term s o f  
s e v e ra l chosen p a ra m e te rs . A d e ta i le d  a p p l ic a t io n  
s p e c i f ic a t io n  is  needed b e fo re  c le a r  recom m endations 
as to  optimum c o n f ig u ra t io n  may be made.
2 . T h e o re t ic a l p r e d ic t io n s  f o r  a f te rb u rn in g  w i th  th e
p re s e n t scheme in d ic a te  p o s s ib le  pow er in c re a s e s  o f
th e  o rd e r  o f  55 -  100%, w ith  re d u c t io n  o f  o v e r a l l
e f f ic ie n c y  by up to  5 pe rcen tag e  p o in t s .  Large 
p o t e n t ia l  g a in s  a re  p o s s ib le  in  th e  a u x i l ia r y  
tu r b in e  f i e l d  e s p e c ia l ly .
3 . The s u b s t i t u t io n  o f  an e f f i c i e n t ,  w ide  mass f lo w  
ra n ge , c e n t r i f u g a l  com pressor f o r  th e  Lysholm  
com pressor does n o t b r in g  about th e  e xpe c ted  
b e n e f i ts  o f  im proved  o v e r a l l  e f f ic ie n c y  a n d /o r  
in c re a s e d  pow er. The reason i s  t h a t  com pressor 
o ve rsp e e d in g  c o n s id e ra t io n s  impose power ba lance  
c o n d it io n s  in v o lv in g  h ig h  a i r  f u e l  r a t io s ,  r e s u l t in g  
in  low  tu r b in e  i n l e t  te m p e ra tu re s  and hence depressed
Page 167
o v e r a l l  pow er and e f f i c i e n c y .  By th e  same to k e n , 
how ever, th e  p o te n t ia l  o f  such schemes w ith  a f t e r ­
b u rn in g  is  g re a te r  tha n  th a t  o f  Lysholm  schemes.
V ery  h ig h  power le v e ls  ('v* 400 hp) a re  p o s s ib le  w ith  
gas g e n e ra to r  schemes w ith  reduced  e f f ic ie n c y  and 
le s s  s a t is fa c to r y  power e n ve lo p e s .
4 .  S u b s t i tu t io n  o f  th e  6 .354  e ng ine  f o r  th e  TS 3 eng ine  
in v a r ia b ly  leads  t o  a c o n s id e ra b le  in c re a s e  in  power 
w ith  some re d u c t io n  in  o v e r a l l  e f f ic ie n c y  f o r  a l l  
schemes in v e s t ig a te d .  T h is  is  due to  lo w e r p re s s u re  
d rop  across  th e  e ng in e  ( t h e o r e t ic a l l y  a p re s s u re  r i s e ) ,  
in  c o n ju n c t io n  w ith  th e  somewhat lo w e r eng ine  e f f ic ie n c y .  
Hence on ba lance  th e  DCE scheme i s  a t  le a s t  as 
a t t r a c t iv e  w ith  a 4 s tro k e  as w ith  a 2 s tro k e  e n g in e .
5 . V ery c o n s id e ra b le  b e n e f i ts  may be e xpe c ted  from  an 
im proved  Lysholm  com pressor m aking p o s s ib le  eng ine  
o p e ra t io n  a t  h ig h e r  b o o s t w ith  a more fa v o u ra b le  
tu r b in e  com pressor power b a la n c e . T h is  suggests  
t h a t  fu tu r e  deve lopm ent e f f o r t  s h o u ld  be c o n c e n tra te d  
on th e  4 s t ro k e  -  Lysholm  -  v a r ia b le  geom etry DCE 
scheme w ith  o p t io n a l a f te r b u r n in g .
6 . The p o s s i b i l i t y  o f  re v e rs e d  n o z z le s  on th e  v a r ia b le  
geom etry tu r b in e s  o f f e r s  an eng in e  a s s is te d  b ra k in g  
and re v e rs in g  f i e l d  f o r  th e  DCE. The u s e fu ln e s s  o f  
t h i s  f i e l d  c o u ld  o n ly  be assessed in  term s o f  a 
s p e c i f i c  re q u ire m e n t.
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7 .4  TWO-STROKE TURBOCHARGING
A fre e  tu rb o c h a rg e d  o p e ra t in g  f i e l d  w i th  a v a r ia b le  
geom etry tu r b in e  does e x is t .  I t  w o u ld  be n e ce ssa ry  
t o  des ign  th e  tu r b in e  v e ry  c a r e fu l ly  i n  o rd e r  to  
ach ieve  th e  n ece ssa ry  e f f ic ie n c y .
7 .5  THE MATCHING ANALYSIS
The m a tch ing  a n a ly s is  d e s c r ib e d  in  C hap te r 4 as 
o r ig in a l l y  w r i t t e n  t o  p e rfo rm  t h e o r e t ic a l  s tu d ie s  
on th e  DCE o f  th e  ty p e  d iscu sse d  in  C hap te r 6 .
D u rin g  th e  developm ent o f  t h i s  a n a ly s is ,  i t  became 
app a re n t t h a t  th e  tre a tm e n t c o u ld  be g e n e ra lis e d  
and s im p l i f ie d  so as to  a llo w  any com bustion  eng ine  
system  to  be t r e a te d .  The ’ p lu g - in '  program  
s t r u c tu r e  was e v o lv e d  so  as to  a llo w  component 
changes t o  be accommodated e a s i ly ,  and in c id e n t a l ly  
has s im p l i f ie d  main program  lo g ic  t o  th e  p o in t  
where a program  to  t r e a t  any new system  may be 
w r i t t e n  w ith  minimum e f f o r t .  A number o f  a p p lic a t io n s  
f o r  th e  a n a ly s is  are  a p p a re n t:
1 . Turbo c h a rg e r and e ng in e  m a n u fa c tu re rs  have to  
p e rfo rm  la rg e  numbers o f  m a tch ing  c a lc u la t io n s .
The r a p id i t y  o f  th e  a n a ly s is  and th e  a b i l i t y  to  
s y n th e s is e  tu r b in e  perfo rm ance  from  geom etry are 
p a r t i c u la r l y  v a lu a b le  h e re . The a b i l i t y  to  use 
th e  a r ra y  in t e r p o la t io n  ro u t in e s  r a p id ly  to  access 
a h ig h  a ccu racy  e ng ine  re p re s e n ta t io n  m ig h t a ls o  
be an a d va n ta g e .
Page 169
2 . Where an e s tim a te  is  needed o f  th e  pe rfo rm ance  o f  
a complex new system , th e  a n a ly s is  o f f e r s  a ready 
means o f  f u l f i l l i n g  t h i s  need.
3 . I f  lo n g  te rm  fo re c a s ts  o f  power u n i t  demand co u ld  
be p re p a re d , th e  a n a ly s is  c o u ld  be used t o  e s tim a te  
th e  e x te n t  t o  w h ich  e x is t in g  hardw are  c o u ld  be 
combined t o  meet the se  needs.
4 .  The t re a tm e n t 's  s im p l i c i t y  i s  such t h a t  i t  w ou ld  
fo rm  th e  eng ine  system  a n a ly s is  p a r t  o f  an in te g ra te d  
eng ine  des ign  p ro c e d u re . B u lk  p la n t  perfo rm ance w ou ld  
be g e n e ra te d  by th e  a n a ly s is ,  t o  be fo l lo w e d  a t  a l a t e r  
s tag e  by a more d e ta i le d  tre a tm e n t o f  th e  eng ine  and 
l in k a g e s .
5 . The a n a ly s is  p re d ic ts  perfo rm ance  o f  a g ive n  system  
w ith  an a ccu racy  dependent on th e  degree o f  
s o p h is t ic a t io n  w ith  w h ich  lo s s e s  a re  m o d e lle d . The 
m a jo r a p p ro x im a tio n  used in  th e  t re a tm e n t ,  th e  n e g le c t  
o f  exhaus t p re s s u re  wave e f f e c t s ,  i s  th e  s u b je c t  o f  
Append ix I I ,  and a ls o  o f  some p ro p o s a ls  f o r  f u r t h e r  
w o rk , in  th e  n e x t C h a p te r.
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CHAPTER 8 -  SUGGESTIONS FOR FURTHER WORK
8 .1  The s u g g e s tio n s  f o r  f u r t h e r  work f a l l  in t o  th re e  main
g ro u p s , d e a lin g  w ith  e x p e r im e n ta l w o rk , t h e o r e t ic a l
w o rk , and w ith  e xha u s t p re s s u re  wave e f f e c t s . •.
8 .2  EXPERIMENTAL WORK ON THE DCE
1 . A t te n t io n  s h o u ld  be p a id  t o  tu r b in e  lo sse s  in  th e  
DCE r i g .  The tu rb in e s  s h o u ld  be te s te d  s e p a ra te ly ,  
and a d e ta i le d  des ign  s tu d y  o f  th e  v a r ia b le  n o z z le  
system  u n d e rta k e n .
2 . A d e ta i le d  programme o f  work on a f te rb u rn in g  s h o u ld  
be u n d e rta k e n , and th e  r e s u l t s  compared w ith  
p r e d ic t io n s .
3. Development e f f o r t  s h o u ld  be c o n c e n tra te d  on th e  
DCE w ith  v a r ia b le  geom etry tu r b in e s ,  6 .354  e n g in e , 
and p o s s ib ly  w ith  an im proved  Lysholm  typ e  com pressor.
8 .3  THE MATCHING ANALYSIS
1 , A t re a tm e n t o f  c e n t r i f u g a l  com pressors s im i la r  to  
t h a t  deve loped  f o r  th e  tu r b in e ,  a llo w in g  perfo rm ance  
to  be s y n th e s is e d  from  geom etry , w ou ld  g r e a t ly  e x te n d  
th e  u s e fu ln e s s  o f  th e  m a tch ing  a n a ly s is ,  and sh o u ld  
be deve loped .
2 . The m a tch ing  a n a ly s is  s h o u ld  be e x tended  to  in c lu d e  
t r a n s ie n t  response p r e d ic t io n s .
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8 .4  EXHAUST PRESSURE WAVE EFFECTS
1 . A p u re ly  t h e o r e t ic a l  a tte m p t, on th e  l in e s  o f  t h a t  
g ive n  in  Append ix I I ,  t o  d e f in e  th e  p o in t  a t  w h ich  
c o n s ta n t p re s s u re  e xha u s t system s become more 
e f f i c i e n t  w o u ld  be u s e fu l in  des ign  w ork in  h ig h -  
o u tp u t e n g in e s .
2 . An e x p e r im e n ta l programme o f  w o rk , in  w h ich  e xhaus t 
p re s s u re  i s  m a in ta in e d  s im u lta n e o u s ly  by  ra p id  
response and low  response tra n s d u c e rs  w o u ld  th ro w  
some l i g h t  on th e  a p p ro x im a tio n  in v o lv e d  in  th e  
n e g le c t  o f  p re s s u re  p u ls e s .
3 . An e x p e r im e n ta l and t h e o r e t ic a l  programme o f  work 
w ith  a b rake -m oun ted  tu r b in e  d r iv e n  by a ru n n in g  
e ng ine  e xha u s t w ou ld  complement th e  two in v e s t ig a t io n s  
o u t l in e d  above, and p ro v id e  an a ccu ra te  c a l ib r a t io n  
f o r  a method o f  c h a r a c te r is t ic s  programme a t p re s e n t 
b e in g  d eve loped .
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Appendix 1 Computer Pro,Tram Listinrcs
Contents Pate
Abstract of Scheme C A1 .1
The Scheme C matching program (UCO56) A1•2
Linear interpolation/extrapolation routines
(IIITXT) A1.15
Fixed turbine geometry OCE program (k VG-) A1.26
Variable turbine geometry DCE program (VG-) A1 • 35
Turbo charged engine program (t CIî) AI.42
6.354 engine program (eITG-IHE) A1.47
TS3 engine program (eITGINB) A1 ,50
TS3 engine performance arrays A1,55
Positive displacement compressor program ( COIIP) AI.6I
Centrifu._,al compressor program (CLCOMP) A1 . 6l
Compressor arrays AI.63
Radial inflow turbine program (TURB) AI.65
Turbine arrays A1 . 69
Combustion chamber program (Aj3Uxd'l) A1.71
Heat exchanger program (COOL) A1.72
Differential gearing function subroutines
(GEAR1, GEAH2, GEAR3) A1.73
Utilities: false position (S O L ), sign ( i s )
specific heat of gas (CPC)
specific heat ratio (g ,GA) A1,74





answer stores aC— a99
integers A-Z
Arithmetic operations:
assign =; add+; subtract-; multiply*; divide/
Branching:
j(variable).labell•Iabel2.1abel3
transfer control to labell if variable positive, 
label2 if sero,label3 if negative
Input of data:
dO(n)*kEAD causes dO-dn to be read from paper tape 
Outputof data:
V7HIfE=aO(n) causes aO-an to be written to line
printer
Graph instructions:
GRAli 13=kBAD causes a graph tape to be read, graphs
being automatically numbered and stored 
consecut iv ely 
GJlA.Hl( w 4/a /w 1 /w2/w3)
causes interpolation in graph numbered 
A, with independent variables w1,w2,wp, 
placing the result in w4.
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Pirst graph tape. Engine characteristics
1 Scavenge ratio as a function of boost ratio, compressor 
mass flow criterion and compressor efficiency,
2,3,4,5
Turbine mass flow criterion as a function of boost 
ratio, trapped air/fuel ratio and scavenge ratio 
with compressor efficiency 0.3, 0.5, 0.7, 0.9,
6,7,8,9
Turbine pressure ratio as a function of trapped air/ 
fuel ratio, boost ratio and scavenge ratio with 
compressor efficiency 0,3, 0.5, 0.7, 0,9.
10, 11, 12, 13
Turbine inlet temperature as a function of boost 
ratio, trapped air/fuel ratio and scavenge ratio 
with compressor efficiency 0.3, 0.5, 0,7, 0.9.
14 Engine power as a function of boost ratio, trapped 
air/fuel ratio and compressor efficiency.
15 Brake thermal efficiency as a function of boost 













Compressor mass flow criterion as a function of 
pressure ratio and compressor speed.
Compressor efficiency as a function of pressure 
ratio and compressor speed.
Turbine mass flow criterion as a function of 
non-dimensional speed and pressure ratio.
Turbine efficiency as a function of non-dimensonal 
speed and pressure ratio.
Ratio of specific heats as a function of fuel/ 
air ratio and temperature.
Specific heat at constant pressure as a function 
of fuel/air ratio and temperature.
Turbine torque as a function of non-dimensional 
speed and pressure ratio.
Schedule of scavenge ratio with output shaft 
speed ratio.
Stall turbine mass flow criterion as a function 
of pressure ratio.
Stall turbine torque ratio as a function of 
non-dimensional speed and pressure ratio.
Al .8
Answer Stores
a1 output shaft speed ratio
a2 engine speed
a3 compressor speed
a4 output shaft power
a5 output torque ratio
a6 overall thermal efficiency
a7 boost ratio




a12 turbine pressure ratio
a13 turbine power
a14 turbine inlet temperature
a15 compressor power
a16 compressor mass flow
a17 bypass flow
a18 throttling ratio
a19 output torque ratio with stall turbine
a20 output power, with stall turbine
a21 overall thermal efficiency with stall turbine 




C integer based on compressor efficiency
D indexed graph call based on C
E counter in mass flow loop
P bypass setting
G 20-E
H counter in power balance loop
I
J
K E-1 , H-1
L bypass+throttling setting
M throttling setting
N counter in bypass loop
A1 .9
Data Stores
dO design engine speed
d1 design compressor speed
d2 design output shaft speed
d3 compressor speed at output shaft stall
d4 design turbine power,
d5 design engine power
d6 design compressor power
d7 design turbine torque
d8 assumed trapped air/fuel ratio
d9 assumed boost ratio
d10 engine speed
d11 output shaft speed
d12 ambient pressure
d13 ambient temperature
d14 turbine/output shaft gear ratio
d15 tolerance for mass flow balance
dl6 tolerance for power balance
d17 turbine scaling constant
d18 increment for trapped air/fuel in mass flow loop
d19 increment for boost ratio in power loop
d20 trapped air/fuel estimate in power loop
d21 trapped air/fuel estimate in power loop
d22 boost ratio step for trapped air/fuel excess in
power loop
d23 boost ratio step for trapped air/fuel excess in
power loop
d24 trapped air/fuel estimate in power loop
d25 throttling setting constant
d26 limit for boost ratio
d27 step for scavenge ratio, with bypass
d28 step for trapped air/fuel, with bypass
d29 stall turbine mass flow scaling constant
d30 output shaft speed ratio at which stall turbine
design speed occurs 








w5 turbine mass flow criterion, from engine characteristics 
w6 turbine pressure ratio
w7 turbine inlet temperature
w8 turbine speed
w9 turbine non-dimensional speed
w10 turbine mass flow criterion, from turbine characteristics
w11
w12 trapped air/fuel ratio
w13 engine power
w14 power ratio from calculated powers
w1 5 power ratio requirement
w1 6 boost ratio
w17 turbine efficiency
w18 turbine power
w19 specific heat of gas at constant pressure
w20 ratio of gas specific heats
w21 output power
w22 overall thermal efficiency
w23 turbine torque ratio
w24 output torque ratio
w25 average temperature
w26 compressor outlet temperature
w27 square root of temperature
w28 engine brake thermal efficiency
w29 fuel/air ratio
w30 compressor mass flow
w31 compressor mass flow criterion, from engine
characteristics
w32 scavenge ratio limit
w33 bypass compressor mass flow criterion
w34 bypass flow number
w35 stall turbine pressure ratio
w 36 stall turbine mass flow criterion
w37
w38 stall turbine torque
w39 stall turbine non-dimensional speed ratio
w40 output torque
w41 stall turbine power
w42 output shaft power
A1.11
Intermediate Stores
nO constant based on shaft speeds
n1 constant based on shaft speeds
n2 gamma - 1 / gamma
n3 value based on compressor efficiency
n4 square root of turbine inlet temperature
n5 mass flow discrepancy
n6 balance tolerance
n7
n8 last value but one of boost or trapped air/fuel
ratio
n9 last value of boost or trapped air/fuel ratio
n.lO last value but one of power ratio
n11 turbine outlet temperature
n12 twice compressor mass flow criterion
n13 turbine torque ratio
n14 tolerance for mass flow loop
n15 tolerance for power balance loop
n16 step for trapped air/fuel ratio
n17 d9, later zero
n18 current mass flow discrepancy
n19 last mass flow discrepancy
n20 last trapped air/fuel ratio
n21 last trapped air/fuel ratio or scavenge ratio
n22 KZ2 power balance discrepancy
n23 scavenge ratio overflow
n24 boost ratio overflow
n25 initial scavenge ratio
n26 last scavenge ratio
n27 required engine power
n28 scavenge ratio overflow
n29
n30 turbine pressure ratio, throttled
n31 intermediate value of turbine mass flow criterion
n32 intermediate value of turbine mass flow criterion
n33 stall turbine loop criterion - w34
n34 initial stall turbine pressure ratio
n35 initial value of n33
n36 n33 compared with tolerance
Al .12
UOO56 analysed line by line
Line Function
000 title
001 causes intermediate values to be printed
002 places two graph values in each word store
003 reads graph tape
004 reads data tape
005 sets answer stores to zero
006 Used in transferring last answer of boost to start
of next iteration
007 sets throttling condition
008 bypass constant set
009 bypass + throttling constant set
010 jumps round speed indexing device
Oil output speed is indexed
012 power loop counter set to zero
013 is bypass + throttling assumed?
014 if bypass+throttling assumed, scavenge ratio is set
to schedule
015 speed/power constant calculated
016 speed/power constant calculated
017 compressor speed calculated
018 is bypass assumed?
019 if bypass not assumed, boost ratio set to last
answer
020 intermediate store used in 019 set to zero
021 trapped air/fuel ratio assumed
022 graph call set
023 mass flow loop counter set to zero
024 power loop counter indexed
025 compressor mass flow criterion found from graph
026 compressor mass flow criterion doubled
027 compressor mass flow calculated
028 graph call set
029 compressor efficiency found from graph
030 is throttling assumed?
031 if throttling not assumed, graph call set
032 gamma for air assumed
033 (gamma-1)/gamma calculated
034 compressor outlet temperature found
035 average compressor temperature found
036 average specific heat found




040 is throttling assumed?
041 is bypass + throttling assumed?
042 if throttling assumed, power balance condition
calculated
043 required engine power found
044 appropriate value of




0 4 7 return to main program
048 is bypass assumed?
049 if bypass not assumed, graph call set
050 scavenge ratio found from engine characteristics
051 D set so that value of compressor efficiency
0 6 3 nearest to actual is chosen
064 turbine mass flow criterion found from engine
charact eristics
065 D indexed
066 turbine pressure ratio found from engine
charact eristies
0 67 D indexed '
068 mass flow loop counter indexed
069 turbine inlet temperature found from engine
characteristics
070 turbine speed calculated
071 square root of turbine inlet temperature
calculated
072 turbine non-dimensional speed found
073 is throttling assumed?
074 is bypass + throttling assumed?
075 if throttling assumed, throttle pressure ratio
082 found and exit made from mass flow loop
083 mass flow loop counter compared with limit
084 mass flow loop abandoned if excessive number 
of loops performed
085 graph call set
086 turbine mass flow criterion found from turbine
characteristics
087 turbine mass flow criterion scaled
088 mass flow discrepancy found
089 absolute taken of mass flow discrepancy
090 mass flow tolerance found
091 tolerance minus discrepancy found
092 is bypass assumed?
093 if bypass not assumed, exit taken from mass
flow loop, if discrepancy within tolerance
0 9 4 if exit not taken, loop counter compared
095 is this the first loop
096 if the first loop, trapped air/fuel
099 increased by an arbitrary amount
100 if not first loop, trapped air/fuel ratio found
102 by régula falsi
103 trapped air/fuel ratio compared with limits of
116 graphs, and boost ratio adjusted if outside these
117 graph call set
118 engine power found from characteristics
119 power balance condition found from engine and
compressor powers
120 power balance requirement found from data values
121 power balance tolerance found
122 power balance discrepancy found
123 is bypass assumed?
124 if bypass not assumed, discrepancy compared
with tolerance
A l . 14
Line Function
125 if balance not satisfactory,
126 is this the first loop?
127 is balance possible at all?
128 if balance not possible, message printed,
132 and output speed indexed
133 boost ratio step, needed in 103-116, adjusted
134 if first loop, boost ratio increased
138 by an arbitrary amount
139 if not first loop,
142 boost ratio calculated by régula falsi
143 graph call set
144 is bypass assumed?
145 if not, is boost ratio
146 over limit
147 if bypass assumed,
149 is scavenge ratio over limit?
150 if boost ratio and scavenge ratio over limit,
154 boost and scavenge ratio set and bypass + throttling
assumed
155 if boost is over limit, is throttling assumed?
159 if not, boost set to limit
160 turbine efficiency found from graph
161 scavenge ratio found from graph
162 scavenge ratio compared
163 with limit
164 if scavenge ratio is over limit, throttling is 
assumed, compressor mass flow criterion found,
173 and control returned to beginning of program
174 average turbine temperature
184 and specific heat found
185 turbine power calculated
186 output power calculated
187 graph call set
188 engine efficiency found from graph
189 overall thermal efficiency found
190 graph call set
191 turbine torque ratio found from
192 graph and data
193 overall torque ratio found
194 engine acceptance mass flow found if
198 bypass assumed
199 is bypass assumed?
200 is bypass + throttling assumed?
201 if bypass assumed, bypass mass flow criterion
calculated
202 bypass mass flow number calculated
203 stall turbine loop counter initialised
204 stall turbine pressure ratio initialised
205 stall turbine loop counter indexed
A1 .14
Line Function
206 stall turbine mass flow criterion found from graph
207 intermediate value calculated
208 discrepancy compared with tolerance
209 should iteration continue?
210 is this the first loop?
211 if the first loop, initial values stored, pressure
ratio increased by an arbitrary amount, and
214 control returned to 205
215 if not the first loop, pressure ratio calculated
216 by régula falsi, and control returned to 205
217 turbine non-dimensional speed calculated
218 stall turbine torque ratio found from graph
219 torque ratio assessed for size
220 if stall turbine torque negligible, exit made
from stall turbine loop
221 stall turbine torque calculated
222 total output torque calculated
223 output torque ratio calculated
224 stall turbine power calculated
225 output power calculated
226 overall efficiency calculated
227 answer stores set and
246 printed
247 control returned'to beginning of program
248 if bypass assumed, mass flow tolerance compared
with discrepancy
249 is this
250 the first loop?
251 if the first loop, scavenge ratio
255 increased by an arbitrary amount
256 if not the first loop, scavenge ratio
259 calculated by régula falsi
260 if bypass assumed, power balance discrepancy and
tolerance compared
261 is this
262 the first loop?
263 if the first loop, trapped air/fuel ratio
266 increased by an arbitrary amount
267 if not the first loop, trapped air/fuel ratio
268 calculated by régula falsi
269
270 end of program
A1.15




SYSTEM 4-50 PROGRAM REPORT 
PROGRAM NO. LINT0105F
LINEAR INTERPOLATION / EXTRAPOLATION ROUTINES
SUMMARY
Four routines are described, which, when given a function of 
up to four independent variables whose analytic form is unknown but whose 
value is known at discrete values of the independent variables, will calculate 
the value of the function corresponding to any given set of values of the 
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I.C.L. System 4-50 
LINT0105F
LINEAR INTERPOLATION / EXTRAPOLATION ROUTINES 
FORTRAN IV
B. DESCRIPTION OF PROBLEM
Given a function of (in to four independent variables whose analytic 
form is unknown but whose value is known at discrete values 6 f the independent 
variables, to calculate the value of the function corresponding to any given 
set of values of the independent variables,
C. NUMERICAL IÆTHOD
Linear interpolation / extrapolation is used throughout.
D. PROGRAM CHARACTERISTICS
The program consists of a main program and four subroutines. The 
subroutines can be lifted and used separately in a users program either 
in their existing form or modified as required.
These four routines are not described in a Scientific Subroutine 
Library Report as they were written for a specific problem and cannot 
be considered completely general since unlimited extrapolation 
of the basic data is allowed.
The object module identification and function of the four routines 
are as follows :-
1. LINT01'/!-/' 701Y
Given a function y = f(x), defined at a number of discrete 
values of X, to calculate the value of the function corresponding 
to any given value of x.
2. LINT0105P M02Y
Given a function z = f(x,y), defined at a number of discrete 
values of x and y , where x and y are independent variables, to 
calculate the value of the function corresponding to any given 




Given a function w = f(x,y,z), defined at a number of discrete 
values of x • and z, where x, y and z are independent variables, to 
calculate t h e  value of the function corresponding to any given set 
of values of x, y and z.
4, LINT0105F M04Y
Given a function v =  f(x,y,z,w), defined at a number of 
discrete values of x,y,z,and w, where x,y,z,and w are independent 
variables, to calculate the value of the function corresponding to any 
given set of values of x,y,z and w.
The main program was used to check the coding of the above routines. It has no 
other function and will only be discussed in the Appendix (Section M).
E. METHOD OF USE





This routine can be entered by means of the following Fortran
statement ;-
CALL INTXTl (X, Y, XVEC, YVEC, NX)
where X is a floating constant or REAL*«4 variable. Y is a REAL 
*4 variable. XVEC and YVEC are one dimensional REAL*4 arrays of which the 
first NX values in each case are used by the routine. NX is an integer 
constant or INTEGER*4 variable.
As the routine uses variable dimensions, the user must dimension 
the arrays absolutely in his program NX)
Given the function y = f(x), defined at discrete values of the 
independent variable x, then in the argument list of the CALL statement
1. X is the value of x at which the function is to be 
evaluated.
2. Y will return the value of the function.
3. NX is the number of values of x at which the function is 
defined.
4. XVEC is the name of the array which contains the NX values 
of X.
5. YVEC is the name of the array which contains the corresponding NX 
values of the function.






This routine can be entered by means of the following Fortran
statement :-
CALL INTXT2 (X,Y,Z,XVEC,YVEC,ZARY,MX,MY,NX,NY)
where X and Y are floating constants or REAL*4 variables. Z is a 
REAL*4 variable. X\EC and Y^/EC are one dimensional REAL*4 arrays of which the 
first NX and NY values respectively are used by the routine. ZARY is a two 
dimensional REAL"4 array with absolute dimensions (MX,MY). MX, MY, NX and 
NY are integer constants or INTEGER*^ variables.
As the routine uses variable dimensions, the user must dimension 
the arrays absolutely in his program. In particular the array ZARY must 
be dimensioned ZARY(MX,MY), where MX and MY are integer constants. Normally 
the arrays XVEC and YVEC will be dimensioned XVEC(MX) and YVEC(MY) respectively.
Given the function z = f(x,y)defined at discrete values of the 
independent variables x and y , then in the argument list of the CALL statement
1. X is the value of x at which the function is to be evaluated.
2. Y is the value of y at which the function is to be evaluated.
3. Z will return the value of the function.
4. NX is the number of values of x (^MX) at which the function is defined.
5. NY is the number of values of y (=5 MY) at which the function is defined.
6 . XVEC is the name of the array which contains the NX values of x.
7. YVEC is the name of the array which contains the NY values of y,
8 . ZARY is the name of the array which contains the (NX times NY) 
values of the function, where element ZARY(I,J) is the value
of the function corresponding to the ith value of x and the jth 
value of y.
9. MX is the maximum dimension C^NX) of the first subscript of the array 
ZARY.
10. MY is the maximum dimension (^NY) of the second subscript of the array
ZARY.
Note : the values of x and y must be stored in ascending order of magnitude, no 
two values being identical.
Al.21
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This routine can be entered by means of the following FORTRAN
statement :-
CALL INTXT3(X,Y ,Z,W,XVEC,YVEC,ZVEC,WARY,MX,MY,MZVIDC'VNY,MZ)
where X, Y and Z are floating constants or REAL*4 variables. W is a 
REAL*4 variable. XVEC,YVEC and ZVEC are one dimensional REAL*4 arrays of which 
the first NX, NY and NZ values respectively are used by the routine. WARY is a 
three dimensional REAL*4 array with absolute dimensions (MX,MY,MZ). MX,MY,MZ,
NX,NY and NZ are integer constants or INTEGER*4 variables.
As the routine uses variable dimensions the user must dimension the 
arrays absolutely in his program. In particular the array WARY must be 
dimensioned WARY(MX,MY,MZ), where MX, TIY, and MZ are integer constants. Normally 
the arrays XVEC,YVEC and ZVEC will be dimensioned XVEC(MX),YVEC(MY) and 
ZVEC(MZ) respectively.
Given the function w = f(x,y,z), defined at discrete values of the 
independent variables x,y and z, then in the argument list of the CALL 
statement.
1. X is the value of x at which the function is to be evaluated.
2. Y is the value of y at which the function is to be evaluated.
3. Z is the value of z at which the function is to be evaluated.
4. W will return the value of the function.
5. NX is the number of values of x(^MX) at which the function 
is defined.
6 . NY is the number of values of y(f MY) at which the function is defined.
7. NZ is the number of values of z( MZ) at which the function is defined.
8 . XVEC is the name of the array which contains the NX values of x.
9. YVEC is the name of the array which contains the NY values of y.
10.ZVEC is the name of the array which contains the NZ values of z.
11.WARY is the name of the array which contains the (NX times NY times NZ) 
values.of the function, where element WARY(I,J,K) is the value of the
function corresponding to the ith value of x, the jth value of y and
kth value of z.
12.MX is the maximum dimension (t^NX) of the first subscript of the 
array WARY.
13.MY is the maximum dimension (^NY) of the second subscript of the 
array WARY.
14.MZ is the maximum dimension (c^NZ) of the third subscript of the 
array WARY.
Note:- the values of x, y and z must be stored in ascending order of magnitude, no 
two values being identical.
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This subroutine can be entered by means of the following Fortran
statement :-
CALL INTXT4(X,Y,Z,W,V,XVEC,YVEC,ZVEC;WVEC,VARY,MX,MY,MZ,MW,NX,NY,NZ,NW)
where X,Y,Z and W are ' floating constants or REAL*4 variables.
V is.a REAL*4 variable. XVEC, YVEC,ZVEC and WVEC.are one dimensional REAL*4 
arrays of which the first NX,NY,NZ and NW values.respectively are used by the 
routine. VARY is a four dimensional REAL*4 array with absolute dimensions 
(MX,MY,MZ,MW). MX,MY,MZ,MW,NX,NY,NZ and NW are integer constants or INTEGER 
*4 variables
As the routine uses variable dimensions the user must dimension the 
arrays absolutely in his program. In particular the array VARY must be 
dimensioned VARY(MX,MY,MZ,MW), where MX,MY,MZ and MW are integer constants.
Normally the arrays XVEC, YVEC,ZVEC and WVEC will be dimensioned XVEC(MX),YVEC(MY), 
ZVEC(MZ) and WVEC(MW), respectively.
Given the function v = f(x,y,z,w>, defined.at discrete values of the 
independent variables x,y,z and w, then in the argument list of the CALL 
statement :
1. X is the value of x at which the function is to be evaluated.
2. Y is the value of y at which the function is to be evaluated.
3. Z is the value of z at which the function is to be evaluated.
4. W is the value of w at which the function is to be evaluated.
5. V will return the value of the function.
6 . NX is the number of values of x«MX) at which the function is 
defined.
7. NY is the number of values of y(^MY) at which the function is 
defined.
8. NZ is the number of values of z(\*MZ) at which the function is 
defined.
9. NW is the number of values of w(^MW) at which the function is 
defined.
10.XVEC is the name of the array which contains the NX values of x.
11.YVEC is the name of the array which contains the NY values of y.
12.ZVEC is the name of the array which contains the NZ values of z.
13.WVEC is the name of the array which contains the NW values of w.
14.VARY is the name of the array which contains the (NX times NY times
NZ times NW) values of the function, where element VARY(I,J,K,L) is the 
value i of the function corresponding.to.the.ith value of x, the jth 
value of y , the kth value of z and the 1th value of w.
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15.MX is the maximum dimension ( NX ) of the first subscript of the 
array WARY.
16.MY is the maximum dimension (^NY) of the second subscript of the 
array WARY.
17.MZ is the maximum dimension (^NZ) of the third subscript of the 
array WARY.
18.MW is the maximum dimension (^NW) of the fourth subscript of the 
array WARY,
Note :- the values of x,y,z and w must be stored in ascending order of magnitude, 
no two values being identical.
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F.SUBROUTINE KEQUIPIRENTS
1.LINT0105F M01Y








The four routines will be stored.in partition OBJECT on the trials 
disc and can be linked with the users program during COMPOSITION by means of 
one of the following INCLUDE Cards :-
1.**INCLUDE ,LINT0105F(01)
if only one dimensional linear interpolation/extrapolation 
is required.
2.**INCLUDE ,LINT0105F(01,02)
if up to two dimensional linear interpolation/extrapolation 
is required.
3.**INCLUDE ,LINT0105F(01,02,03)
if up to three dimensional linear interpolation/extrapolation 
is required.
4.**INCLUDE ,LINT0105 F(01,02,03,04)
if up to four dimensional linear interpolât ion/extrapolât ion 
is required.
H .STORAGE REQUIREMENTS
The storage required by the routines when compiled under 5J (release 









Depends on the application.
J. ACCURACY
Depends on the function under consideration.- The routines have been 
thoroughly checked and are as accurate as linear interpolation/extrapolation 
will ever be. Single precision arithmetic is used throughout.
K. FAILURES
No normal failures can occur. The routines will always return 
a value of the function as unlimited extrapolation of the basic input data 
is allowed. No indication is given that extrapolation has occurred.
L. LIMITATIONS
In all circumstances the following restrictions must apply
1 .  M X A N X ^ 2  
MY A NY.) 2 
MZ NZ 2 
MW. NW 2
2. Each of the independent variables must be stored in ascending 
order of magnitude, no two values being identical.
3. The values of the function must be stored in a N dimensional 
array, where N is the number of independent variables, with the first subscript 
(independent variable) varying the fastest and the last subscript (independent 
variable) varying the least.
F O R T R A N  I V A 1 9  S O U R C E  P R O G R A M  2 7 / 0 4 / 7 1  P A G E
1 PROGRAM NVG A 1 . 2 6
2 C O M M O N / I 1 0 / A R 1 0 ( 7 , 1 4 ) , A R 1 1 ( 7 , 1 4 ) , V T N S ( 7 ) , V R E X ( 1 4 )
3 . C 0 M M 0 N / L 8 / A R 8 ( 4 , 7 ) , A R 9 ( 4 , 7 ) , V C S ( 7 )
4 C 0 M M 0 N / L 1 4 / A R 1 4 ( 9 ) , A R 1 5 ( 1 1 , 9 ) , R E X A 1 4 ( 9 ) , T N S A 1 5 ( 1 1 ) , R E X A 1 5 ( 9 )
5 C 0 M M 0 N / L 2 / A R 2 ( 4 , 4 , 4 )
6 C 0 M M 0 N / L 7 / A R 7 ( 4 , 3 , 4 )
7 C 0 M M 0 N / L 6 / A R 6 ( 4 , ’3 , 4 )
8 . C 0 M M 0 N / L 5 / A R 5 ( 4 , 3 , 4 , 4 )
9 C 0 M M G N / L 1 6 / V R C ( 4 ) , V R T ( 3 ) , V S R ( 4 ) , V C E ( 4 ) , V C N F ( 5 )
10 C 0 M M 0 N / L 3 / A R 3 ( 4 , 3 , 4 , 4 )
11 C 0 M M 0 N / L 4 / A R 4 ( 4 , 3 , 4 , 4 )
12 D I M E N S I O N . 0 A ( 2 6 , 1 1 ) , AR1 2 ( 8 ) , 0 3 1 2 ( 8 ) , Ar 1 3 ( 8 ) , 0 5 1 3 ( 8 )
13 10  F O R H A T ( 7 F 1 0 , 0 / 6 F 1 0 . 0 / 3 F 1 0 , 0 / 3 F 1 0 . 0 / 3 F 1 0 . 0 / 3 F 1 0 . 0 / 3 F 1 0 , 0 / 1 1 0 /
14 1 3 F 1 0 . 0 )
15 1 0 0  R E A D ( 5 , 1 0 , E N D  = 2 4 0 ) E S O , C S D , O S D , C S S , E P D . C P D , T P D , T O G , T M S , T T D ,  AOG, AMS
16 1 A T D , R C 1 , R C 2 , R C 3 , R T 1 , R T 2 , R T 3 , S R 1 , $ R 2 , S R 3 , T H 1 , T H 2 , T H 3 , E S 1 . 0 S 1 , O S 2 ,
17 2 I 0 S , T A , P A , T 0 L
18 3 1 0  F 0 R M A T ( 8 F 1 0 , 0 )
19 R E A D ( 5 , 3 1 0 ) ( A R 1 2 ( J ) , J = 1 , 8 )
20 R E A D ( 5 , 3 1 C ) ( 0 S 1 2 ( J ) , J = 1 , 8 )
21 R E A D ( 5 , 3 1 0 ) ( A R 1 3 ( J ) , J = 1 , 8 )
22 R E A D ( 5 . 3 1 0 ) ( O S 1 3 ( J ) , J = 1 , 8 )
23 ES=ES1
24 0 S = 0 S 1 + 0 S 2
25 N = 0
26 N1=0
27 J 1 = 0
28 DO 20 1 1 = 1 , lOS
29 J 2 = 0




34 T H = 1 . 0
35 0 3 = 0 5 - 0 3 2
36  N=N+1
37 N1=N1+1
3 8  C S = G E A R 1 ( E 5 D , C S D , Q S D , C 5 5 , E S , 0 S )
3 9  30  K1=0
40 40 CALL I N T X T 2 ( R C . C S , C N F , V R C , V C 5 , A R 8 , 4 , 7 , 4 , 7 )
41 K1=K1+1
42  CALL I M T X T 2 ( R C , C S , C E , V R C , V C S . A R 9 , 4 , 7 , 4 , 7 )
43 TMC1=TA
44 50 6 6 = ( G ( 0 , T M C 1 ) - 1 ) / G ( 0 , T M C 1 )
45 T M C = T A + ( ( T A * R C * * G G - T A ) / C E ) / 2
46  G G = ( G ( 0 , T M C ) - 1 ) /  G ( 0 , T M C )
47  T M C 1 = T A + ( ( T A + R C * + G G - T A ) / C E ) / 2
48  I F ( A B 5 ( T M C 1 - T M C ) . G T . 1 0 )  GO TO 50
4 9  C P = ( C N F * P A * C P G ( 0 , T H C ) * S Q R T ( T A ) * ( R C * * G G " 1 ) ) / C E / 4 2 . 4 2
50 I F ( J 1 . E Q . 1 . 0 R . J 2 . E 0 . 1 . 0 R . J 3 . E Q . 1 )  GO TO 60
3 R T R A N  I V A 1 9  S O U R C E  P R O G R A M  N V G  P R O G R A M  2 7 / 0 4 / 7 1  PAG!
51 SR=SR1 A l .27
52 K3=0
53 3 2 0  K3=K3 +1
54 CALL I N T X T 3 ( R C , S R , C E , C N F 1 , V R C , V S R , V C E , A R 2 , 4 , 4 , 4 , 4 , 4 , 4 )
55 D5 = CNF - CNF 1
56 I F ( A 8 S ( D 5 ) . L E . T O L )  GO TO 60 BQ 1 4
57 CALL S 0 L ( S T 2 5 , S T 2 6 , S R , S T 2 7 , S T 2 8 , D 5 , S R 2 , K 3 )
58 6 0  TO 3 2 0
59 6 0  CALL I N T X T 4 ( R C , R T , S R , C E , R E X , V R C , V R T , V $ R , V C E , A R 4 , 4 , 3 , 4 , 4 , 4 , 3 , 4 , 4 )
60  CALL I N T X T 4 ( R C , R T , S R , C E , T E X , V R C , V R T , V S R , V C E , A R 3 , 4 , 3 , 4 , 4 , 4 , 3 , 4 , 4 )
61 CALL I N T X T 4 ( R C , R T , S R , C E , T N F , V R C , V R T , V S R , V C E , A R 5 , 4 , 3 , 4 , 4 , 4 , 3 , 4 , 4 )
62  T N S = T O G * O S / S Q R T ( T E X )
63  REX = REX* TH . . .  .
64  CALL I N T X T 2 ( T N S , R E X , T N F T , V T N S , V R E X , A R 1 0 , 7 , 1 4 , 7 , 1 4 )
65  T N F T = T N F T * T MS
6 6  D 1 = T N F - T N F T
6 7  3 0 0  F O R M A T d H  , 1 1 ( F 1 0 . 5 , 2 X ) )
68  W R I T E ( 6 , 3  0 0 )  R C , R T , S R , C E , T N F , T N F T , T N S , T E X , R E X , C P , D 2
6 9  1 F ( J 3 , N E . 1 . A N 0 . J 2 . N E . 1 )  GO TO 70
70 I F ( A B S ( D 1  ) . L E . T H 3 )  GO TO 80 EQ 2 2
71 CALL S 0 L C S T 1 , S T 2 , T H , S T 3 , S T 4 , D 1 , T H 2 , K 1 )
72 GO TO 40
73 70  I F ( J 1  , N E . 1 ) G 0  TO 90
74 I F ( A B S ( D 1 ) . L E . S R 3 )  go TO 80 E Q  19
75 c a l l  Sû L ( S T 5 , S T 6 , S R , S T 7 , S T 8 , D 1 , S P 2 , K 1 )
76  GO TO 40
77 9 0  I F ( A B S ( D 1 ) . L E . R C 3 )  60  TO 80 ,  EQ 15
78 CALL S O L ( S T 9 , S T 1 0 , R C , S T 1 1 , S T 1 2 , D 1 , R C 2 , K 1 )
79  GO TO 40
80 8 0  K2=K2+1
81 CALL I N T X T 3 ( R C , R T , C E , E P , V R C , V R T , V C E , A r 6 , 4 , 3 , 4 , 4 , 3 , 4 )
82.  CALL I N T X T 2 ( T N S , R E X , T T , V T N S , V R E X , A R 1 1 , 7 , 1 4 , 7 , 1 4 )
83 T T = T T * T T D * T O G * T M S * R E X * P A
84 T P = 6 . 2 8 3 1 8 4 * O S * T T / 3 3  0 00
85 CALL G E A R 2 ( E S D , C S D , O S D , C S S , E S , 0 S , C P , T P , E P I )
86  0 2 = E P - E P 1  pn  16
87  I F ( A B S ( 0 2 ) . L E . R T 3 )  GO TO 1 1 0
88  CALL S 0 L ( S T 1 3 , S T 1 4 , R T , S T 1 5 , S T 1 6 , D 2 , R T 2 , K 2 )
8 9  I F ( J 1 . E Q . O , A N D . J 2 . E O . 0 . A N D . J 3 . È Q . 0 )  RC=RCl
90  I F ( J 1  . E Q . 1 . A N D . J 2 . E Q . 0 . A N D . J 3 . E O . 0 )  SR = SR1
91 I F ( J 2 . E Q . 1 . 0 R . J 3 . E Q . 1 ) TH=TH1
92  GO TO 30
95  1 1 0  CALL I N T X T 1 ( 0 S , R C 4 , 0 S 1 2 , A R 1 2 , 2 )
94  CALL I N T X T 1 ( O S , S R 4 , O S 1 3 , A R 1 3 , 3 )
95 I F ( R C . L E . R C 4 . A N D . S R . L E . S R 4 )  GO TO 1 2 0
9 6  I F ( J 1  , E Q , 0 . A N D . R C . 6 T . R C 4 . A N 0 . S R , L E , S R 4 )  GO TO 1 3 0
97  I F ( J 1 , E Q . 0 . A N D , R C . L E . R C 4 , A N D . S R . G T . S R 4 )  GO TO 1 4 0
98  I F ( J 1 . E Q . 0 . A N D . R C . G T . R C 4 , A N D . S R . G T , S R 4 )  GO TO 1 3 0
99  I F ( J 1 , E Q . 1 . A N D . R C . L E - R C 4 . A N D . S R . G T . S R 4 )  GO TO 1 5 0
1 0 0  I F ( J 2 , E 0 . 1 . A N D . R C , G T . R C 4 . A N D . S R . L E . S R 4 )  GO TO 1 5 0
O R T R A N  1 V A 1 9  S O U R C E  P R O G R A M  N V G  P R O G R A M  2 7 / 0 4 / 7 1  PAGi
101 0 A ( 1 , N ) = 0 S / 0 S D  A 1 . 2 3
10 2  DO 2 5 0  M 1 = 2 , 2 6
10 3  2 5 0  0 A ( M 1 , N ) = 0
1 0 4  GO TO 2 6 0
1 0 5  1 3 0  J 1 = 1  .
1 0 6  RC=RC4
1 0 7  SR=SR1 _ _  _
1 0 8  RT=RT1
1 0 9  K2 = 0 .
1 1 0  GO TO 30
111 1 4 0  j 2=1
112  K4=0
1 1 3  SR=SR4
114  RC=RC1
1 1 5  TH=TH1
1 1 6  1 6 0  K4=K4+1
1 1 7  CALL I N T X T 2 ( R C , C $ , C N F , V R C , V C S , A R 8 , 4 , 7 , 4 , 7 )
1 1 8  CALL I N T X T 2 ( R C , C S , C E , V R C , V C S , A R 9 , 4 , 7 , 4 , 7 )
1 1 9  CALL I N T X T 3 ( R C , S R , C E , C N F 1 , V R C , V S R , V C E , A R 2 , 4 , 4 , 4 , 4 , 4 , 4 )
1 2 0  D3 = CNF- CNF1  3 q 15
121 I F ( A B S ( 0 3 ) . L E . T O L )  GO TO 1 7 0
1 2 2  CALL S O L ( $ T 1 7 , S T 1 8 , R C , S T 1 9 , S T 2 0 , D 3 , R C 2 , K 4 )
1 2 3  6 0  TO 1 6 0
1 2 4  1 7 0  GO TO 30
1 2 5  1 5 0  J 3 =1
1 2 6  RC=RC4
1 2 7  SR=SR4
1 2 8  TH=TH1
1 2 9  K2=0
1 3 0  GO TO 30
131 1 2 0  I F ( J 1 . N E . 1 . A N D . J 3 , N E , 1 )  GO TO 1 8 0
1 3 2  CALL I N T X T 3 ( R C , S R , C E , C N F 2 , V R C , V S R , V C E , A R 2 , 4 , 4 , 4 , 4 , 4 , 4 )
1 3 3  CNFB=CNF- CNF2
1 3 4  B M F = C N F B * P A / S Q R T ( T A )
135  TC = T A + ( T A * R C * * G G - T A ) / C E  30  - joi
1 3 6  T N S A = O S * A O G / S Q R r ( T C )
1 3 7  K5=0
1 3 8  REXA=RC
1 3 9  R E X A 1 = 1 . 0
1 4 0  1 9 0  K5=K5+1 V
141 CALL I N T X T 1 ( R E X A , T N F A , R E X A 1 4 , A R 1 4 , 9 )
1 4 2  TNFA=TNFA* AMS
1 4 3  T N F A 1 = B M F * S Q R T ( T C ) / R E X A / P A
1 4 4  D4 = TNFA- TNFA1 3 q -j 5
1 4 5  I F ( A B S ( D 4 ) . L E . T 0 L )  GO TO 200
1 4 6  CALL S 0 L ( S T 2 1 , S T 2 2 , R E X A , S T 2 3 , S T 2 4 , D 4 , R E X A 1 , K 5 )
1 4 7  GO TO 19C
1 4 8  2 0 0  CALL I M T X T 2 ( T N S A , REXA, T T A , T N S A1 5 , REXA1 5 , AR1 5 , 1 1 , 9 , 1 1 , 9 )
1 4 9  T T A= T T A* AT D* AOG
1 5 0  I F ( T T A . G E , 0 )  GO TO 2 7 0
RTRAN I V A 1 9  SOURCE PROGRAM NVG PROGRAM 2 7 / 0 4 / 7 1  PAGI
151 A1 . 2 9TTA = C
152 TPA = 0
153 TEA = 0
154 60  TO 1 8 0
155 2 7 0  T P A = T J A * 0 S * 6 . 2 8 3 1 8 / 3 3 0 0 0
15 6 G 1 = ( G ( 0 , T C ) - 1 ) / G ( 0 , T C )
1 5 7 T E A = 5 5 0 * T P A / ( 7 7 8 * C P G ( 0 , T C ) * T C * ( 1 - 1 / R E X A * * G 1 ) * 0 M F ) * 6 O , O
158 1 8 0  CALL G E A R 3 ( C P D , E P D , T P D , C S D , 0 S D , C S , C P , T T , T T A , T 0 S )
1 5 9 CALL I N T X T 3 ( R C , R T , C E , E E , V R C , V R T , V C E , A R 7 , 4 , 3 , 4 , 4 , 3 . 4 )
160 I F ( N . L E , 1 1 )  GO TO 2 1 0
161 N=1 . . _
162 00  220  12= 1,11
163 DO 2 2 0  1 3 = 1 , 2 6
164 2 2 0  O A ( I 3 , I 2 ) = 0
165 2 1 0  0 A ( 1 , N ) = OS / O S D
1 6 6 0 A ( 2 , N ) = E P + T P + T P A - C P
1 6 7 0 A ( 3 , N ) = T 0 S
1 6 8 0 A ( 4 , N ) = E E * 0 A ( 2 , N ) / E P
1 6 9 0 A ( 5 , N ) = E S
170 0 A ( 6 . N ) = E P
171 0 A ( 7 , N ) = C P
172 0 A ( 8 , N ) = T P
173 0 A ( 9 . M ) = T T
174 O A C 1 0 , N ) = T P A
175 0 A ( 1 1 , N ) = T T A
1 7 6 0 A ( 1 2 , N ) = R C
1 7 7 0 A ( 1 3 , N ) = R T
1 7 8 0 A ( 1 4 , N ) = S R
1 7 9 0 A ( 1 5 , N ) = C E
18 0 G 1 = ( G ( 1 / R T , T E X ) - 1 ) / G ( 1 / R T , T E X )
181 0 A ( 1 6 , N ) = 5 5 0 * T P / ( 7 7 8 * C P G ( 1 / R T , T E X ) * T E x * ( 1 - 1 / R E X * * G l ) * T N F * R E X * 1 4 . 7
1 8 2 1 / S O R T ( T E X ) / 6 0 . 0 )
183 0 A ( 1 7 , N ) = T E A
1 8 4 0 A ( 1 8 , N ) = T E X
185 0 A ( 1 9 , N ) = T E X
1 8 6 0 A ( 2 C , N ) = R E X
1 8 7 0 A ( 2 1 , N ) = C N F * P A / S Q R T ( T A )
1 8 8 O A ( 2 2 , M ) = 5 , 0
1 8 9 O A ( 2 3 , N ) = 0
1 9 0 O A ( 2 4 , N ) = T N S
191 0 A ( 2 5 , M ) = T M S A
1 9 2 0 A ( 2 6 , N ) = R E X A
193 RC1=RC
1 9 4 R C 2 = R C 1 + 0 . 5
195 2 3 0  FORMAT( 11HOOS SPD R A T , 3 X , 1 1 ( F 7 • 2  , 1 X ) /
1 9 6 111H OUT P O W E R , 3 X , 1 1 ( F 6 , 1 , 2 X ) / 1 1 H  OUT TOR R A , 3 X , 1 1 ( F 7 . 2 . 1 X ) /
19 7 211H NET E F F Y , 3 X , 1 1 ( F 7 . 2 , 1 X ) / 1 1 H  ENG S P E E D , 3 X , 1 K F 6 . 1 . 2 X ) /
1 9 8 3 1 1H ENG P O WE R , 3 X,11 ( F 6 , 1 , 2 X ) / 1 1H COMP P O WE R , 3 x , 1 1 ( F 6 . 1 , 2 X ) /
1 9 9 411H T U RB1 POWE R, 3 X , 1 1 ( F 6 , 1 , 2 X > / 1 1 H TURB1 T 0 R , 3 X , 1 K F 6 . 1 . 2 X ) /
200 5 1 1H T URB2 p O W E R , 3 X , 1 1 ( f 6 , 1 , 2 X ) / 1 1 H  TURb 2 T 0 R , 3 x , 1 1 ( F 6 . 1  , 2 X ) /
D R T R A N  I V A 1 9  S O U R C E  P R O G R A M  N V G
201  6 1 1 H B 0 0 S T R A T I 0 , 3 X ,
2 0 2  7 1 1H SCAV R A T I O , 3 X ,
2 0 3  8 1 1H TURB1 E F F Y , 3 X ,
2 0 4  9 1 1H EXH T E M P , 3 X ,
2 0 5  111 H TURB P R R A T , 3 X ,
2 0 6  21 1 H TUR01 A 2 , 3 X ,
2 0 7  3 1 1H TURB1 N D S P , 3 X ,
2 0 8  4 1 1 H T U R 3 2 P R R A T . 3 X ,
2 0 9  2 8 0  F 0 R M A T ( 2 1 H 1 T U R B I N E
2 1 0  2 9 0  FORMAT( 2 1 HOTURBI NE
211 2 6 0  I F ( N , L T , 1 1 . A N 0 . N 1  .
2 1 2  W R I T E ( 6 , 2 6 0 )  TOG
2 1 3  W R I T E ( 6 , 2 9 0 )  AOG
2 1 4  W R I T E ( 6 , 2 3 0 ) ( ( OA( M
2 1 5  2 0  CONTI NUE
2 1 6  60  TO 1 00
2 1 7  2 4 0  CONTI NUE
2 1 8  STOP
2 1 9  END
1 1 ( F 7 . 2  
1 1 ( F 7 . 2  
1 1 ( F 7 . 2  
1 1 ( F6.1 
1 1 ( F 7 . 2  
1 1 ( F 7 . 2  
1 K F 6 . 1  
1 1 ( F 7 . 2
1 GEAR
2 g e a r
L T . I O S )
P R O G R A M
1 X ) / 1 1 H  TR A / F  R A T , 3 X , 1  
1 X ) / 1 1 H  COMP E F F Y , 3 x , 1 
1 X ) / 1 1 H  TUR b 2 E F F Y , 3 X , 1  
2 X ) / 1 1 H  T U R B I N T E M P , 3 X , 1  
1 X ) / 1 1 H  I N MASS F L , 3 X , 1  
1 X ) / 1 1 H  TUR(32 A 2 , 3 X , 1  
2 X ) / 1 1 H  T URb 2 N D S P , 3 x , 1 
I X ) )
R A T I 0 , 3 X , F 6 , 2 )
R A T I 0 , 3 x , F 6 . 2 )
GO TO 20
2 7 / 0 4 / 7 1 P A G
( F 6 . 1 , 2 X ) /  
( F 7 . 2 . 1 X ) /  
( F 7 . 2 , 1 X ) /  
( F 6 . 1  , 2 X )  /  
( F 6 . 1 , 2 X ) 7  '
( F 7 . 2 . 1 X ) /  
( F 6 . 1 , 2 X ) /
, H M ) , M M = 1 , 1 1 ) , M = 1 , 2 6 )
Variable listing ITVG- Al.31







A R U ( P4 ) 05





AR 6 (R4) 09
AR7 (R4) 0 8
AR 8 (R4) OC
AR9 (R4) OC
AID R4 01

























I OS 14 01
11 14 01
12 I 4 01
13 14 01
aux. turbine mass flow scaling 
aux. turb. gear ratio 
a r r a y ,TNP=f (T NS,lEX) 
a r r a y , T= f ( TI-T3, )
boost ratio schedule 
scavenge ratio schedule 
array, 0.'hFA=f (T^ISA, R3:CA) 
array, TTA=f ( TÎJ3A, A3XA) 
a r r a y , CîIF= f ( iiC, 3 R , G j) 
array, lB X= f(RC,RT,31, CE) 
a r r a y , R B X = x (R C ,R T ,3 R ,C E ) 
array, TIIR=i (r C , RT , 3R, CE) 
a r r a y , EP= f (R C ,R T ,CE 
a r r a y , EE= f (R C ,R T ,CE ' 
a r r a y , Cl'î ?= f ( R G , C3 ) 
array, CE=f(RC,CS) 
aux. turb design torque 
bypass mass flow 
compressor efficiency
compressor non-dimensional mass flow 
bypass CUE






compressor speed at output stall







design engine power 
required engine power 
engine speed 
design engine speed 
engine speed 
gamma- 1 /gamma 
d o .
number of output speeds to be considered 
loop counter 




J 14 01 integer used in input
J1 14 01 bypass marker
J2 14 01 throttling marker
J3 14 01 bypass wicn throttling marker
K 1 14 01 loop counter
K2 14 01 d o .
K3 14 01 d o .
K4 14 01 d o ,
K5 14 01 d o .
M 14 01 used in output
M M 14 01 do •
Ml 14 01 d o .
N 14 01 output array dimension
NI 14 01 loop counter
OA (P4) 01 output array
OS R4 01 output speed
05 D R4 01 design output speed
0S1 R4 01 initial output speed
0S1 2 (R4) 01 output speed vector
ÛS13 (R4) 01 do •
0S2 R4 01 output speed step
PA R4 01 atmos. pressure
PC R4 01 boost ratio
RC1 R4 01 initial boost ratio
RC2 R4 01 second boost ratio
PC3 R4 01 tolerance
P C4 R4 01 boost ratio limit
PEX R4 01 t u r b . pressure ratio
PEXA R4 01 aux. t u r b . pressure ratio
REXA1 R4 01 d o .
REXA14 (R4) 05 do. vector
REXA15 (R4) 0 5 do •
RT R4 01 trapped air/fuel ratio
RT1 R4 01 initial xlï
PT2 R4 01 second xiT
RT3 R4 01 tolerance
SR R4 01 scavenge ratio
SRI R4 01 initial scavenge ratio
SR2 R4 01 second scavenge ratio
SR3 R4 01 tolerance
SR4 R4 01 scavenge ratio limit
ST1 R4 01 store used in iteration routi:
STIC R4 01 d o .
ST1 1 R4 01 d o .
ST12 R4 01 d o .
ST13 R4 01 d o .
Al.33











































































































































turb. mass flow scaling
turb. non-dimensional mass flow, main
TNFA R4 01 do., auxiliary
TNFA1 R4 01 d o ,
TNFT R4 01 d o , , from main turb.
TNS R4 01 main turb, n-d speed
TNSA R4 01 a u x . d o .
T N S A 1 5 (R4) 05 aux. turb. n-d speed
TOG R4 01 main turb, gear ratio
TOL R4 01 tolerance
TOS R4 01 output torque ratio
















1 0 FORMT 01








1 0 0 STMT 01
1 i 0 STMT 01








2 0 0 STMT 01


















compressor mass flow vector
compressor speed vector
boost ratio vector
main turb. pressure ratio vector
fuel ratio vector
scavenge ratio vector
turbine speed vector, main
ORTRAN IVA19 SOURCE PROGRAM 10/05/71 PAGÜ
A1 .35
1 PROGRAM VG
2 ___ COMMON TA,PA
3 D I M E N S I 0 fi 0 A ( 2 7 , 11 ) , A R 1 2 ( 8 ) , 0 S1 2 ( 8 ) , A R 1 3 ( 8 ) , 0 S1 3 ( 8 )
4 10 FORMAT(7ri0.c/6F10.0/3F10.0/3F10.0/3F10.0/3F10.0/3F10.0/2110/
5 13F10.0)
6 _100 R E A D (5,1.7 ENC=240)ESD,CSD,OSD,CSS,EPD,CPD,TPD,TOG,TMS,TTO,AOG,AMS
7 1ATD,A21,A22,A23,RT1,RT2,RT3,RC1,RC2,RC3,SK1,SR2,SR3,ES1,0S1,
8 20S2, I j S , J E T , T n , P A , T O L _ _ _
■ 9 310 FORMAT(6F10.0)
10 R E A D (5,310)(AR12(J),J=1,8)
11 REAC(5,31Ç)(0S12(J),J=1,8)
12 RE AD(5,3 1C)(AH13( J),J = 1 ,8)
13 REAn(5,3lO)(CSl3(J),J=1,8)
14 FS=ES1 initialising program loops
15 0S=0 51+0S2
16 K = 0
17 N1=0










28 N 1= I j 1+1
29 CS=GEAR1(ESO,CSD,OSO,CSS,ES,OS)
30 3 0 K1= Û
31 4 0 c a l l  CO ip (P C‘, CS , CNF , CNF , TM , TC , CP , C t )
3 2 I F ( P. C . L r . R C4 ) GO TO 3 3 0
33 S R = S R 1
34 <3=0
35 3 20 k 3 = n 3+1
36 CALL E rJ G Hi r ( h 3 , C , K T . S P , TM , E NT 1 , R E X , T I X , T i'J F , E P , E F )
3 7 S P M = S R
3 8 D 5 = E N- F - b N F1 UQ 26
39 I r(A«S(D5).LE.TOL) GO TO 6 ^
40 CALL SnL(3T25,ST26,SR,5T27,ST28,D5,SR2,K3)
41 GO TO 3 2 0
42 60 IF(5R.GE.SP4) GO TO 4 00
4 3 430 CONTI OWE
44 SR = 5 R 4
45 RC=RC1
4 6 K 4 = 0
47 160 K 4 = K 4 +1
4 8 call COi-UTPC , CS, CNF , LiT , 1M, TC , CP, CE)
4 9  C A L L  E G I i. E ( E 5 , 2 C , R T , S F * T M , C ‘1 F 1 , R E X , T E X , T N F , F P , E E )
5 0 D 3 = E ri F - E i, r
3 Q  2 6
ORTRAN IVA19 SüMkCL P-’JOr-'A'. VG pPOLTAi 10/05/71 PAG'
Al .36
51 I F (A R S (03).LE.TJL) 00 TO 40
52 CALL S0L(ST17,STia,RC,ST19,ST2C,D3,RC2,K4)
53 GO TO 160
54 400 IF(JFT.NF.2) GO TO 330
55 SR=SR1





61 I F (A n s (05).LF .0.001 ) üC TO 420 finding 4  str
62 CALL SnL(STA,ST3,SP,STC,5TD,D5,SR2,K3)
63 GO Tû 410 Gcaven^e ratio
64 420 I F (SP, l T .  3R;;) go to 33 0
65 GO TG 43 G
6 6 330 SR=5P4
67 CALL ENGINF(Eb,RC,RT,SR,T1,LNF2,PEX,T[X,TNF,EP,EE)
68 E N F R = E h H  - F N F 2









78 F = 1 / S R / R T * F I i F / ( u M F 4 E F )
79 340 TEX=(TC*CPG(0,0.TC)*a!.:F+TEX*CPG(1/SR/RT,TEX2)*EMF)/
80 1 (3 M F 4 E M F )/C P G (F , TEX) E Q 3 6
81 1 F (ARS (TLX1-.FLÀ) . LT.TOL) GO TO 350
82 TEX 1 = TEX
83 GO 10 34 0
84 3 50 COG II NUL
85 TNF=(E"F+S\F)*SORT(T[X)/REX/PA
8 6 CALL ARUCL(TlIM,TNF,EL,TFx,REX,F)
87 TS=OS+TOG
8 8 CALL TURP (TS , RF X , A2 , TLX , F , TN F T, TT , TP , TF: , TNS , TSL )
89 Dl=7fiF'-TiGFT gn 29
90 I F (A B S (D 1 ).LE . A23 ) GO TO 360
91 ' C A L L  S0L(ST1,S12,A2,ST3,ST4,P1,A22,K1)
92 360 CONTINUE
93 REXA=REX
94 TSA = OS + Anrj




99 GO TO 80 -
1 00 90 CALL TURB(TSA ,REX A,A2A,T E X ,F ,TNFT A ,TT A ,1 PA , T E A ,T N S A ,TSL)
J R T R A f J  I V A 1 9  S O U R C E  P r O C R A M  V G  P R O G R A M  1 0 / 0 5 / 7 1  P A G L
1 0 1  I F ( A 2 A . G T . 0 T 1  . A N n . T H F T A . L E . 0 . 1 )  G O  T O  7 0  A 1  . 3 7
1 0 2  D 6 = T N F - T U F T A
1 0 3  I F ( A U S ( 0 6 ) : li . A 2 3 )  G O  10 3 0  ‘ ' \]Q 2 9
1 0 4  C A L L  S O L { S T 5 , S T o , A 2 A , S T 7 , S T 8 . 0 6 , A 2 2  , K1 ) _
1 0 5  8 0  I F (A 3 S (P 1 ) . G 1 . A 2 3 .0 R .A 3 S (D 6 ) . G T , A 2 3 ) G O  T O  17  0
1 0 6  K 2 = K 2 + 1  _  _ _ „ _
1 0 7  T T = 1 T * T O G * R E X * P A
1 0 8  T T A  = T T A * A G G * ! ^ E X  A * P A
1 0 9  C A L L  G E A R 2 ( E S D , C S D , O S D , C S S , E S , O S , C P , T P ,  E P I  )
1 1 0  D 2 = E P - E P 1  _  S Q  31
1 1 1  I F ( A R S ( 0 ? ) . L F . P T 3 ) 3 0 T O  1 1 0
1 1 2  C A L L  S 0 L ( S T 1 3 , S T 1 4 , R T , S T 1 5 , S T 1 6 , D 2 , R T 2 , K 2 )
1 1 3  G O  T O  3 8 0
1 1 4  1 1 0  1 F ( A H S ( T 1 A )  , G r . A B S ( T T )) G O  T O  3 7 0
1 1 5  T T A = 0 . 0
1 1 6  A 2 A = 0 . 0
1 1 7  R E X A = 1 . 0
1 1 8  T P A = 0 . 0
1 1 9  T E A = ^ . 0
1 2 0  T N S A = 0 . 0
1 2 1  G O  T O  1 8 0
1 2 2  3 7 0  T T = 0 . 0
1 2 3  T P = 0 . 0
1 2 4  T E = 0 . 0
1 2 5 A 2 = 0 . 0
1 2 6  R E X = 1 , 0
1 2 7  T M S = C . 0
1 2 8  1 8 0  C O w r n : U L
1 2 9  5 0  C A L L  G L A R 3 ( C P l ; , E P 0 , T P 0 , C S D , C S D , C S , C P , T T # T r A , T 0 S )
1 3  0 I F ( .N , L E . 11 ) G U T 0 2 1 0
1 3 1  iM = 1
1 3 2  D O  2 2 0  1 2 = 1 , 1 1
1 3 3  D O  2 2 0  1 3 = 1 . 2 7
1 3 4  2 2 0  0 A ( I 3 , ! 2 ) = (
1 3  5 2 1 0  0 A ( 1 , N ) = 0 S / U S 3
1 3 6  0 A (2 , : i ) = r P + T P 4 T P A - C P
1 3 7  0 A ( 3 . M ) = r u S
1 3 8  0A(4,N)=FE*0A(2,N)/LP
1 3 9  0 A ( 5 , N ) = E S
14  0 C A ( 6 , N ) = L P
1 4 1  0 A ( 7 , f J ) = C P
1 4 2  0 A ( 8 , N ) = T P
1 4 3  0 A ( 9 . = T T
1 4 4 0 A ( 1 0 . N )= T P A
1 4 5 0 A (1 1 , : : ) = T I
1 4 6  0 A (1 2 , r. ) = KC
1 4 7  0 A ( 1 3 , N ) = R F
1 4 8  0A(l4,r. ) = S P
1 4 9  0 A ( 1 5 , \ ) = C [
1 5 0 0 A ( 1 6 , N ) = 1 L





































0 A ( 1 7 . M ) = T r. A 
0 A ( 1 8 , N ) = T E X 2  
0 A ( 1 9 , M ) = T F X  
O A ( 2 0 , M ) = R F X
O A ( 2 1 , N ) = E M F * R C * P A / S Q R T ( T  
O A ( 2 2 , î i ) = A 2  
0 A ( 2 3 . N ) = A 2 A  
0 A ( 2 4 , N ) = T N S  4^
OA ( 25, i; ) = Ti;SA 
0A(26,M)=PCXA 
0A(27,k)=CS 
230 FORMAT ( 1 1 liOüS Spn RAT.3X, 
11 lu OUT POWFK , 3X , 1 1 (F6 . 1 
met f F F y , 3X , 1 1 ( F? .2
F-MG PÜUFR,3X,11(F6.1 
TURG1P0WFR, ? X , 1 1 ( F 6 .1 
TURb2rOUER,3X,11(F6.1 
BvOSTRATIO,3X, 11(F7.2 
SCAV F; A T I 1 , 5 X 
TURB1 F FFY,3X 
F X H I [ I ’ P , 5 X
TURB PPRAT.3X 
TUR81 A2,3X 
T U R li 1 M D S P , 3 X . 11 ( F 6 .1 
TURü2PkRAT,3X,11 (F 7 . 2 
FORMA r(21 h11URBIM E 1 
FORMAT ( 2 1 l URB I NE 2 
IF ( ;-i. L T . 1 1 . A ü . 1 . L T
W R I T E (6 .2 8 0 )  TOG 
WR I TF (6,290), AOG 
WRI TE (6 , 23ô)'( (OA(M,M 
CONTINUE 







21 1 H 
31 1 H 
411 H 
511 H 
61 1 H 
71 1 H 
81 1 H 
91 1 H 
1 1 1 H 








1 1 (F7.2 
1 1 (F7.2
I 1 ( F 6 .1
II (F 7.2 
11 ( F7.2
GF A R  
G F A P  
lOS)
1 1 ( F 7 . 2 , 1 X ) /
,2X)/11H GUT TOP RA,3X,1 
, IX)/Il H E fi G SPEED,3X,1 
, 2X)/11H C Q f ' P  POWER,3X,1 
, 2X ) / I 1 H, TU RDI rOR , 3X , 1 
,2X)/11H T U R ü 2 T0R,2X,1
,IX)/Il H TR A/F RAT,3X,1 
,IX)/Il H coup FFFY,3X,1 
,IX)/Il H TURB? EFFY,3X,1 
,2X ) / I1 H T U F D FNTEMP,3X , 1 
, IX)/Il H I li MASS FL,3X,1 
,IX) /Il H TURb2 A2,3X,1 
, 2 X ) / 1 1 H T U R fj 2 N 0 S P , 3 X , 1 
,IX)/Il H CüMp SPEED, 2X,1 
RATIO,3x,F 6 ,2)
RATIO.3 X,F 6 .2)
GO 10 2 0




( F 6 
( F 7 
( F6 
( F 7 
( F7 










, 2X ) / 
,IX)/ 
,IX)/ 





Variable listing VG Al .39
SYMBOL TYPE ESID
AM S R4 01 aux turb mass flow scaling
AOG R4 01 aux turb gear ratio
AR1 2 ( R4 ) 01 boost ratio schedule
AR13 (R4) 01 scavenge ratio schedule
ATO R4 01 aux turb design torque
A2 R4 01 turbine noaaie angle
A2A R4 01 aux turbine noaaie angle
A21 R4 01 initial guess of A2
A22 R4 01 second guess of A2
A23 R4 01 tolerance
B M F R 4 01 bypass mass flow
CE R4 01 compressor efficiency
CNF R4 G 1 compressor n-d mass flow
CP R4 01 compressor power
CPD R 4 01 compressor power at design
CS R4 01 compressor speed
CSD R4 01 compressor speed at design
CSS R4 01 compressor speed at stall
D1 R4 01 discrepancy in iteration
D2 R4 01 do
03 R4 Cl do
05 R4 01 do
0 6 R4 01 do
EE R4 01 engine efficiency
EMF R4 01 engine m a s s  flow .
EN F R4 01 engine entry n-d m a s s  .Iflow
ENFB R4 01 bypass mass flow
ENF 1 R4 01 engine n-d mass flow
EN F 2 R4 01 do
EP R4 01 engine power
EPD R4 n engine power at design
EPI R4 01 engine power required
ES R4 01 engine speed
ESP R4 G 1 engine speed at design
ESI R4 01 engine speed
F R 4 01 fuel/air ratio
lOS I 4 01 number of output speeds
II I 4 01 counter
12 I 4 01 do
13 I 4 01 do
Al.40
S Y M li 0 L TYPE ESID
J 14 ■ 01 input counter
JET 14 01 engine type 1 if 2 str 2 i . 4 str
K1 14 01 counter
K2 14 01 do
<3 14 01 do
K4 14 01 do
M 14 01 out put c ount e r
M M 14 01 do
N I 4 01 output array dimension
NT 14 01 counter
OA (R4) 01 output array
OS K4 01 output speed
OSD R4 01 design output speed
0S1 R4 01 initial output speed
0512 ( R4 ) 01 output speed vector
0513 (P4) 01 do
052 R4 01 output speed increment
P A K4 04 ambient pressure
RC R4 01 boost ratio
PCI R4 ' 01 initial boost ratio
RC2 R4 01 second boost ratio
PC3 R4 01 tolerance
RC4 K4 01 boost ratio limit
PEX R4 01 exhaust pressure ratio
REXA R4 01 aux turbine pressure ratio
RT R4 01 trapped air/fuel ratio
PT1 R4 01 initial RT
RT2 P4 01 second RT
PT3 R4 01 tolerance
SR R4 01 scavenge ratio
SRM R4 01 do
SRI R4 01 first SR
SR2 R4 01 second SR
SR3 R4 01 tolerance
SR4 R4 01 limit on SR
STA R4 01 itérâtinn store
STB R4 01 do
5 TC R4 CI do
STD R4 01 do
ST1 R4 01 do
Al .41
S Y M B ü L TYPE ESID
STI 3 R4 01 iteration store
SI 1 4 R4 01 do
STI 5 R4 01 do
5116 R4 01 do
S ri 7 R4 01 do
STI % R4 01 do
STI 9 P4 01 do
5T2 R4 01 do
ST20 R4 CI do
ST25 R4 01 do
5126 R4 01 do
SI 27 R4 OT do
5T28 R4 Cl do
ST3 R4 . 01 do
5T 4 R4 01 do
ST5 R4 01 do
ST6 R4 01 do
ST 7 . 01 do
ST 8 R4 01 do
T A R4 C4 ambient temperature
TC R4 01 compressor delivery temperature
î E R4 01 turbine e-irciencÿ
r F A P4 01 aux turbine ei. iciency
TEX R4 Cl exhaust temperature
T EXI R4 01 do
TEX2 R 4 01 do
TLIM R4 01 limiting temperature
TM R4 01 inlet manifold temperature
T M S R4 01 turbine mass flow scaling
TNF R4 01 turbine n-d mass flow
TNFT R4 01 do
TNFT A R4 01 aux turbine n-d mass flow
TNS R4 0 1 turbine n-d speed
TNS A R4 01 aux turbine n-d speed
TOG R4 01 turbine gear ratio
TOL R4 01 tolerance
TOS R4 01 out :t torque ratio
TP R4 01 turbine power
TPA R4 01 aux turbine power
TPD R4 01 design turbine power
TS turbine speed





turbine speed limit 
t-’rbine torque 
aux turbine torque 
turbine torque at design
—IR T R A N I VA1 9 SOUP CE OC RAM
1 PROGPA*' TC'i
2 COMMON T A ,PA
3 DIMCNSIQP OA (26,11) _ ________  ________ _
4 fo rOFMAT( 6 F1 O.C/3 n  0/3Fl0.0/6rlO.o) -
S 1 0 0 READ (5,1 ' , £ 0 0  = 2 4 0 ) K S1 , E S 2 . R T 1 , R T 2 , A ? 1 , A 2 2 .IES, IPT
6 1 T53 , SRI , 5r..2 , SR3 , TA , P h , TÜL
7 1 2 0 f or ma t(1 ' 1 )
8 WRI TE (6 , 120) . ___ _ _____  -
9 [5=E51-CS2 . ...........
10 PO 20 I4 = 1 ,I ES
11 CS = CS + ES2 . .... . . . _ ______
12 A2=A21-A22
13 00 2 f; 1 5 = 1,142
14 A2=A2+A22
13 RT=RT1-RT2
16 DO 220 12=1,11
1 7 ro 220 13=1.22 ....................
18 2 2 0 0A(13, 12)=0
19 0 = 0
2 0 N'1 = 0
21 DO 5 0 1 1 = 1 , 1PT
2 2 TS =TS 1
23 RT=RT+RT2
24 K2 = 0
25 N = N+1 _ .. ...................
26 N 1 = 0 1 + 1
27 30 K 1 =Ü
28 C S = T 5
29 CALL C l. C C: i : P ( C S , C N F A , C N F n , 1 , C *' F , P C , F u F , T ■ 1. 1 C .CP,CE)
30 391 F O RM AT (62 C 0 M P 1 . F 10 . 1 , 1X .9(F S . 2,1X ))
31 WRI TE (6.391) C S , C îl F , C Î1 F B , C N F , F' C . fc '■ F . T M , r C ,CP.CE
32 40 COMTI lUE
33 CALL C L C C FMM C S . C F P . C . F F , 0 . C F , R C , F N F , T . F C ,CP,CF)
34 393 FORMA r(Oh CU M P Z , FI 0 . 1 .1X , 9 ( F 3.2,1X ))
35 2 R T T L ( C , 3 9 :■ ) C S , C ; F A . C f: F P , C G F , R C , F F , T M , T C .CP.CE
36 R C A = R C
37 CALL COOL ( EOF, 1 C , I C , T \')
38 399 F OR MAT(5 h CÜÜL,4(F?.2.1X))
39 W R I T E (6 ,399) CMF.RC.TC,1M
40 S R = S K 1
41 K3 = 0
42 320 K 3 = f, 3 +1
43 CALL t::r.n.4 (i s . rc , r t , sp . t m , t.“ fi . p e x , t e x  , t ‘if ,EP,EE)
44 D5 = ENF-F p r1 3Q 33
45 I F ( A f S ( 0 5 ) . L F . L r'. 3 ) Ou T 0 oO
46 CALL S 0 L (S T 2 5,S T 2 6 .S R .S T ? 7.S T 28 .D 5,S R 2,< 3)
47 GO TC 320
48 60 C 0 H r I r f ü F:























































r T . TT , 1 P . TE , T';s , TSL )
D1,CNEB,K1)
CAL L  T O T - ( T S , R r v , A 2 , T E X , r  
D 1 = T N F - T N E T
i r C A B S C O D . L E . T ü L )  oO TO 360 
CAL L  S C L ( S T l , S T 2 , C r i F , S T 3 , S T 4
0 0 TC 4 0
3 6 0  C O N T I N U E  -L   —
< 2 = 6 2 + 1  ..................
T T = T T *  R E X *  P A -  —  —  — ------------
D 2 = I P - C P - . _  — ,
T L = C P * 1 5 <
1 F ( An s  ( D 2  ) .  LE .  T l ) GG TO 1 3 0  . _________
I F ( D P - L T . 0 . 0 )  GU TO 8 0  — ' - -
T S 4 = T S 1 + T S P
Gü TO 6 0 
8û  T S 4 = T S 1 - T S P  
9 0  c u N i i n u c
CALL S ü L ( S T 1 3 , S I 1 4 , T 5 , S T 1 5 , S T 1 6 , 5 2 , T S 4 , K 2 )  
GO 1 0  3 0  
180 T u 5 = E P + 3 3 C L ù / 6 . 2 0 3 1 ü / E S  
2 1 0  I F ( C N F . G T . C N F ^ )  GO TO 1 4 0  -
0 A ( 5 , N ) =  ES 
G A ( 1 3 , f- ) = R T 
0 A ( 2 2 , N ) =  A2  
GO TO 2 6  0 
1 4  0 C A ( 1 1  , 0 ) = E S .
0 A ( 2 , k ) = ;  P 4 I (: + T P ' -  C P
0 A ( 3 , u ) = T : C
OA ( 4 , J ) = M.  + ü/- ( 2 , N ) / [ P
Ü A ( 5 , N ) = L S    . _   _  . ____
0 A ( 6 , N ) = L P
0 A ( 7 . N ) = C P .— ---------------  --------------- ---
C A ( 8  , N ) = 1 P
Ü A ( 9 .  ' . )  = TT      . _ . _
0 A ( i c , : ; )  = c r
O A ( 1 1  , f ) = PCA 
0 A ( 1 2 , N ) = P C
0 A ( 1 3 r N ) “ KÎ  -  -  —
O A ( 1 4 , M ) = 5P
G A ( 1 5 , N ) = C E  - — ....... .................. . _
0 A ( 1 6 , N ) = T h
0 A ( 1 7 , 0 ) = T E À  _
0 A ( 1 8 , :. ) = T F X 2 
N ) = T F X 
r , ) = R F X
: , ) = C '  F / C . 1 1 5 5  . .. . _
N ) = A 2




0 A ( 1 9







N )=T: S 
f; ) =T' SA 
N)=RF/A
- ..
RI R A M IV Al 9 SI UP C [ P r (, 0 r' A TC h p p 0 R /■ .• 1 6 / 0 5 / 7 1
101 2 3 0  F O R M A T d l t i i J S  Ei’O P I , , 11 ( F / 2 , 1 x ) /
1 0 2 1 1 1 m O U T  P O W E R , 3 % , 1 1 ( F 6 . 1  ,2x) / 1 H C U T  T O R  P A , 3 X , 1 ( F 7 . 2 , 1 X ) /
10 3 .2 1 1  H NE T  __ ET F Y , 3 X , 11 ( 1 7 . 2 , I X ) / 1 H F N G S P E E D , 3 X , 1 ( F 6 . 1 , 2 X ) /
1 0 4 311 H E N G P C U E R , 3 X . 1 1 ( T 6 . 1 , 2 X ) / 1 h C O M P  P O W E R , 3 X , 1 ( F 6 . 1 , 2 X ) /
1 0 5 41 1 H T U R D d M ?  W F R , 3 X , 1 1 ( F A . 1 , 2 X ) / 1 H T Ü R 0 1 T ü R , 3 X , 1 ( F 7). 1 , 2 X ) /
1 0 6 51 1 H C O U P  S P E E D , 2 X , 11 ( F 7 .1 ,1 X ) / 1 !l c o u p  P R P A T , 3 X , 1 ( F 7 . 2 , 1 X ) /
1 0 7 6 1 1 :i pnrsTC'.Tr.;,:>/,ii ( r 7 . 2 , 1 X ) / 1 M T P A / F R A T ,  S x , 1 ( F 6 .1 ,2 <) /
1 0 8 71 1 H S C A V  R A T I O , 3 / , 1 1 ( T 7 . 2 , I X ) / 1 H C O M P  F.FFY ,3X ,1 ( F 7 . 2 , 1 X ) /
1 0 9 81 1 H 1 ü R B 1 E F F Y , 3 X , 1 1 ( F 7 . 2 ,1 X ) / 1 H T U R G 2 E F F Y , 3 X , 1 (F 7 . 2 , I X ) /
1 1 0 91 1 H T X H. T f. 1 i ’ , 3 X , 1 I ( F 7 . 1 , 2 X ) / 1 i1 T U R 6  I NT Ff'P, 3.V , 1 ( F 6 . 1 , 2 X )  /
;iii 111 H l U R B  P R R A T , 3 X , 1 1 (F 7 . 2 , I X ) / 1 M IN M A S S  F L , 3 X , 1 ( F 7 . 2 , 1 X ) /
1 1 2 211 H T U R B 1  A 2 , 3 X , 1 1 ( F 7 . 2 , 1 A ) / 1 H T U P 8 2 A 2 , 3 X , 1 ( F 7 . 2 , 1 X ) /
11 3 311 H rupni . D 5 p , 3 . n (F6.1 ,2X)7 1 H T U P 5 2 N D S P , 3 X , 1 ( F 6 . 1 , 2 x ) /
11 4 41 1 H I ü R 12 p !•■ R A T . 3 X , 1 1 (F 7 . 2 , I X ) )
11 5 2 6 0  C 0 N T l -Ü'E
1 1 6 W R 1 T L ( 6 . 2 3 ' ) ( ( 0 A ( M , i -t:•') ,M M  = 1 ,1 1 ) = 1 , 2 6 )
1 1 7 5 0 COiUIü UE;
1 1 8 2 0 C O N T I N U E
11 9 00 TC 1 OC
1 2 0 2 4 0  C O N T I N U E
121 S T O P
1 2 2 ENO
p  A  r; r 
Al # 4 4
Variable listing TGH A l . 45
SYMBOL TYPE F S TO
A 2 __ _ _R'i____ 0 I_ turbine noznie angle
A2A - - R4 ■■ 01 do
A21 , R4 01 first A2
A22 R 4 01 increment of A2
C E ____ R4 compressor efficiency
CM F R 4 - - 0 1 compressor n-d mass fl<
C M F A R4 _ do
CNFB R4 01 do
CP P4 0 1 compressor power
CS R4 Cl compressor speed
01 R4 01 error term
02 R4 01 do
05 R4 L'1 do
LF R4 PI engine efficiency
LNF R4 01 engine entry n-d mass :
EMF 1 R 4 01 do
EP _ R4 .. 01 engine power
ES R4 01 engine speed
ESI R4 ___ 0 1 first engine speed
ES2 R4 01 increment
F R4 01 fuel/air ratio
I A2 14 01 number of A2 steps
IES 14 _ 01 _ number of 33 steps
IRT 14 01 number of HT steps
II 14 01 counter
12 14 01 do
13 1 4 ' 1 do
I 4 I 4 01 do
I 5 1 4 01 do
K 1 I 4 01 do
<2 14 01 do
K3 1 4 01 do
14 01 output counter
?.* .1 I 4 v 1 do
M I 4 01 input counter
i^'1 14 01 do
C.; A (P4) 01 output array
P A  _ H 4 0 4 ambient pressure
PC F: 4 01 boost ratio
R C A P.4 01 do
PL A F 4 01 exhaust pressure ratio
F LX A K4 01 do
FT K 4 01 trapped air/fuel ratio
PT1 H 4 01 first HT
R 12 R4 01 increment
S K i<; L 01 scavenge ratio
S i -! 1 F 4 01 first SH
SR 2 K4 01 second SR
SR3 R4 01 tolerance
S T 1 A4 01 iteration store
STI 3 F 4 01 do
S T I  4 F 4 01 do
ST 1 5 F 4 01 do
STI A R4 01 do
S Y ; P U L TYPE F S I D
S12 R4 01 do
ST23 R4 OÏ do
ST26 R4 01 do
ST27 P4 01 do
SI 28 R4 oi_ do
STi R4 01 do
ST4 P4 01 do
TA R4 04 ambient temperature
TC P4 n compressor delivery temperat
TE •R4 01 turbine efficiency
TEA R4 01 do
TEX P4 01 exhaust temperature
TE X 2 R4 01 do
TL R4 01 tolerance
T'-' R4 01 manifold temperature
T N F R4 01 tur -ine n-d mass flow
TNFT R4 0 1 do
TNS P4 01 turbine n-d speed
TNS A R4 01 do
TOL R4 ■n tolerance
TOS R4 0 1 output torque
TP R4 01 turbine power
TPA R4 0 1 do
TS R4 01 turbine speed
TS L R4 01 turbine speed limit
TS1 R4 0 1 first turbine speed
TS2 R4 01 second ÏS
TS3 R4 01 tolerance
T 54 R4 01 tolerance
TT R4 01 turbine torque
1 0 F 0 R M T 01
2 0 STMT 01
3 0 STMT 01
4 0 STMT 01




1 0 0 STMT 01
1 2 0 FORMT 01
140 STMT 01
1 £ 0 STMT 01
2 1 0 STMT 01






391 F 0 R M T 01
393 FORMT 01
399 FOR M T 01
A1.46
DR T R A N  I V A 1 0  S C U R C T  P R O f ,  R A ;  E N G  I  N T  S U B R O U T I N E  1 6 / 0 5 / 7 1  F A 0
6.354 Engine A1.4/
1 SUBKC'b 1 r  fc L" 3 1 :F(T j,RC,RT,SR,1 ',[\F,RFX,1Ex,TNF,EP,FE)
2 COMMON T A ,PA,AM F
3 _____ DIMENSION APTPI Cfe , 4 ) , V S R ( 8 ) . V t S ( 4 ) , A E 0 ( 7 , 4 ) , V R C ( 3 ) , V A M F A ( 9 ) ,
4 ' A A H C (9,3),V R T (/)
5 DATA APTPI / I . 06,1 . 05 , 1 . 025 , 1 .0, 0.96,0.92,0.35,0.7,
6 A 1 .10,1.15,1.12,1.09,1.0 4,0.99,0.91,0.8,
_  7 01 .325 , 1 .31 , 1 .2'/, 1 .265 , 1 . 23, 1 . 1 7, 1 . 06, 0. 9, ________
8 . Cl.38,1.37,1.3^,1.32,1.28,1.23,1.14,1.0/,
9  ^ D V CS /IUCO.0,1 590.0,2000.0,2600.0/, . ___
10 EVSR/C.7,0.75,^.8,0.85,0.9,0.95,1.0,1.025/,
11 FAT 0 /. 65 ,. 72 , . 75,. 76 ,. 765 ,. 7 7 , . 7 75 , . 65 ,. 70 , . 725 , . 74 ,. 75 , , 7 5 ,. 75 ,
12 G.61,.65,.675 ,.'9,.70,.715,.72,.56,.59,.605,.61,.61,.61,.61/,
13 KVRC/1.0,2.r,3.0/,
14 LV AM F A /0.C , 5 .0 , 1 0 . 0 , 1 5 .0 , 20 . 0 , 2 5 .C ,3 0.0,3 5 . 0,4 0 . 0/ .
15 M A H C / . 3 0 , .27,.255,.245,.24,.235,.23,.23,.23,
16 N.20 5 , .1 9, . 1 8 ,.175,.165,.162,.161,.16,.16,
17 Z.17,.16,.15,.14,.1^5,.13,.13,.13,.13/,
18 J V R 1/2 0•0,2 5.0, 3 ‘ , G , 3 5 , 0 , 4 0. 0 , 4 5 .C , J 0 . 0/ array initialisation
19 _ J E T  = 2 .. __ . ____
2 0 J V C R = 0
21 5 = 0.27 _  ___  ____________ ______ ____
22 VS=0.205
23 C R A = 1 1 . 8  „
24 0 2 3=11.0
2 5 p m a x l =17R0.0
26 CV=18550.0
27 C A = 14 4 . 0
28 C B = 0,01
29 WHC=7/0.r
30 riPC=33000.0







38 C R = C R A
39 I F (SP .GT.0.95; 30 TO 145
4 0 P HI= S R
41 R1=R1*PHi/0.9T e g  2 3 . 2 9
42 GO TO 190
4 3 1 4 0 P H I = r>. ' V
44 190 CONTINUE
4 5 CALL P  T y 1 2 ( -' T . L S , F 0 . V P 1 , / L 5 , A f 0 , 7 , 4 , 7 , . )
46 CTN = LD*Pn 1+ i-;HC
47 GF=1.3
48 GC=1.35
4 9 10 P M A A = ( G fc. - 1 ) + ! C * P A C R / ( 1 - 1 / C R * + ( G F - 1 ) ) + ( ( 0 T K * C V / R / R T / T M. * ( 1 - 1 / C H * *■ C
50 14))-1/(GC-1)+(1-C%*+(GC-1)))
e q  4 1
R T R A N  IVA19 SOURCE P R O C R A  ' FNi.INt S U P r - O U T I N E  16/05/71 P A G [
A1 .48
51 T ÎR E = T :• + P ‘ A > *■ ( 1 + 1 / C r * * ( G L -1 ) ) / R C / P A / C P / 2 eq 42
52 Gfc = G ( 1 / RT , Tf-h )
. 53 _ TMC=r-’*(CR**(..C-1 )+1 )/2 _____  _________ —. —_ Gq 44
54 GC=G(O.0,TMC) ' -
55 PMAxA=(0r-1)*PC + rA+C-/(1-1/CR**(Gt.-1))*((0TK + CV/P/RT/TM+(1-1/CP+ +
56 10.4 ) )-1 / (GC-1 ) * (1- C R + *( GC-1 ) ) ) ... eq 41
57 ir(AüS(P'’Ay-r’!A,-.A) . oT.TLA) g o to 1 r
58 - — -I F (PN’AX.OT.Pi-iAXL) GO TO 20---- - .
59 I r ( J VCR.Nt.C) i.'J._TO 3 ]_
60 90 A M T = P C * P A * 5 * P r, I * V S + F 5 + C A / R / T M / ( 1 - 1 / C P ) / J F T eq 40
61 AM F = R C * P ♦ S + V 3 E S * C \/ R/ r f : / ( 1 -1 / C R ) / J E T / R T A
62 F P = t 0 * A M r * C V + U r, C * ( 1 - 1 / C R * * 0 . 4 ) / H P C eq 45
63 GO TC 40
64 2 0 8 = 1 . 1
65 M = 0 _
6 6 p M A X = P Î4 M >: L
67 50 {.• = ■1 + 1
6 8 PMAXA=C.O
69 160 CL'Ml ! :.l'L
70 A = PM.\X/RC/PA/CR* + GC
71 P = 1 - ( A + J + * 1 . 4 - 1 ) / ( A - 1 + 1 . 4 * A * ( U - 1 ) ) / C R t * 0 . 4
72 TMF = T i ; * P '  AX*B*(1 + (B/CR) **(5F-1 ) ) / RC/PA/CP/2
73 G t = G ( 1 / R r, T : : h )
74 1 M C = T M + ( C R + + ( 5 C - 1 ) + 1 ) / 2
75 GC=G(0.0,T C)
76 P. / .AX = ( r *  ( [I f  r  , / r  / p t / T ’ ’ - ( 1  - C R + *  ( G C - 1  ) ) / P /  ( GC -1)))/(B/CR*(1-(8/CR)
77 1 * + ( G r - 1 ) ) / ( c; F - i ) / R r / p A + ( (i - 1 ) / F c / P A / c p )
78 DA = r! AX-r MA A A eq 46
79 IF(AGS(DA).LT.TLB) GO TO 150
80 p M A X A = F ;, 4 X .
81 Ü 0 T L 1 6 L ___ ___
82 150 COM! I OLE
83 DA=P"AX-rMAXL _____
84 I F ( AP S ( :>/• ) . LT . 1 Li- ) GO TO 6 0
85 CALL SCL(ST 1,S12,B,S T3,ST4,0A ,2.0,')
8 6 GO T'A 5 0
87 60 A M T = K C + P A * C A + S ^ P i i I S + F 3 / R / r M. / ( 1 - 1 /  C R ) / J [- T
8 8 A M F = R C * P - * 3 * V S * r  S *• C A /  R /  T . - / ( 1 - 1 / C ) / J F T / R T A
89 L P = L D * A >1F + C V * .iP C * ( 1 - ( ( A + 1: + + 1 . 4 - n  M  / C i< + + C . 4 ) / ( A ~ 1 + 1 . 4 * A * ( B - 1 ) ) ) /
90 1 H P C eq 47
91 GO TG 4 0
92 30 A = 0
93 CR=CRA
94 70 V A = f ! A f 1
95 T M L = r * P ? AX * C \ * ( 1 f 1 / C P + + ( G L - 1 ) ) / P C / P A / C R / 2 eq 42
96 G E = G (1 / r T , T t  )
97 T {'i C = T : : + ( C 2 * + ( G C “ 1 ) + 1 ) / 2 eq 44
98 G C = G ( 0 . 0 , T ' C )
99 P ‘ 1 A X = ( G F > 1  ) +PC + P A + C R / ( 1 - 1  /CR + *(GF-1 ))*( ( D T K * CV/R/RT/TM+(1-1/CR++0
1 00 14) )- 1 /(G C-1 )+ (1-CP*+fGC-1 ) ) )
DR TRAN IVA19 SOURCE P P u G tiGINt S 0 ü K G 0 1 IN F 16/05/71 PAGt
Al .49
101 D B = P A - f IV. A X L
10 2 I F ( A R S ( D P ) . n  . 1 I C ) ÙG T J ü .)
103 ____ CALL SOL ( ST5_, ST 6 , CR , SF7, S TÜ , CRB , OB , MA)
104 GO TO 7 0
105 80 IF(CP.LE.CRü) GO TO 90 _ _ _  _ _ _____
106 CR = CFfi
107 GO TO 20 _ _ _ _  ____
1 08 40 £t l = £f’*.ir-C.'/C V/^‘‘F
109 LP=£r-CB + ES __ eq 49
110 E E = E P +1! P C A / C V / A M F eq 50
111 AMF =SrUA"T/r.i M  A' F
112 HC=0.279/(ES/100r)4*n,2/pc**n.2/SR**0.2 eq 54
113 H C = C V * A -1 F + ( 1 - E f: I - rK )
114 T 0 = 110/0.2 ri/Au F
115 100 TD = (IC/CP: (1/SR/ n  ,T ‘.+ T C/ 2)/à m E
116 T n A = K C / C P r; ( 1 / 3 0 / F T . ] • + T D / 2 ) / ^  M F
117 I F ( A c 5(T 0 -T D A ),L T .T L D ) 0 0 TO 110
118 T D = T f' A
119 GO TC 100
120 110 CALL I NTXT ?(S K .b £ ,P T P I .VS P .7 L S ,n P T F I ,3,4, 8 ,4) pressure change
121 pT=PTPI^PC+PA
122 IF(PT.GL.PA) GG 10 130
123 PT=PA
1 24 1 3 0 R t X = P T /P A
1 25 TEX = Tii + T?
126 FNF = AMF*S0PT( Ti-)/RC/Pn
127 TNF =aME* SG^T(TFX) /P 1
128 F: T = R T A
129 PETUC M
13 0 £ N C)
tTRAN 1VA19 SOlJRCf- PROCRA,' K i G H ’t S^»5P9UTIf.F 27/05/71 PAOt
TS3 Engine A1.50
1 SU 0 R 0 Uf P  t L r. G I li L ( r S , R C , P T , S R . Tf:, L N f- , R E X , T t A , T r; F , E P , E E )
2 COMMON T A , PA,AM F
3 JET=1





9 P M A X L = 2 0 C 0 . 0






16 PDC= 0. 00004
17 R=53.3
18 TLA=10.0
19 T L B = 1 0 . 0
20 TLC=10.0
21 T L n = 10 . 0
22 CR=CPA
23 PHI='J.9 eq 37
24 10=0.72
25 OT K = rD*Pl’I *WHC
26 GE=1.3
27 GC=1.35
28 in PMAX=(G E-1)*RC*P A*CR/(1-1 /CR+ *(GL-1))*((0T K*CV/R/RT /TM*(1-1/ CR**O.
29 14))-1/(GC-1)+(1-CR++(GC-1))) eq 41
3 0 TME = TM*P'-A>'* ( 1+1 / CR ** ( Gb-1 ) ) / RC / P A/CR/2 @q 42
31 - GE = G ( 1 / RT , I h : )
3 2 TMC=TM*(CR**(NC-1)+1)/2 e q 4 4
33 GC=G(O.O.T'C)
34 PM AXA =(G E-1)+KC *PA+C9/(1 -1/CR+*( GE-1))*(( DTK*CV/R/ RT/TM+(1- 1/CR*+
35 1 0 . 4) ) - 1 / ( GC-1 ) * ( 1- C R * *(GC-1 ) )) e q 4 1
36 IF(ApS(P''.Ay-P.':AxA) .GT.TLA) GO TO 10
37 I F ( Pf’AX . GT . PMAX L ) GO TO 20
38 IF(JVCR.uE.O) GO TO 3 0
39 90 A M T = P C> P A + S * r M I * V 5 * E 5 * C A / R / T / (1' 1/CR)/JET^^
4 0 LP= FD*AM T*CV*0MC+(1-1/CR++C.4)/RT/HPC eq 45
41 GO TC 4 0
42 20 E = 1 .1
43 M = 0
44 PMAX=PMAXL
4 5 5 0 M= M +1
4 6 p M A X A = 0.0
47 160 CONTINUE
48 A=PMAX/RC/PA/CR**GC
49 P=1-(A*&++1.4-1)/(A-1+1.4 *A*( B-1))/CR**0.4
50 TML = TM'* PMAX*B* (1 + (H/CR ) + * (GE-1 ) ) / KC/PA / CR/2




























































G E  = G ( 1 / R T , T î!E)
TMC =TM +(CR *+ (GC-1)+ 1)/2 
GC=G(0.0,TMC)
PMA X=( P*(DTK* CV/P/RT/T M-(1-CR**(GC-1))/P/(GC-1)))/(Ü/CR*(1-(B/CR)
1 ** (GC-1 ) ) / (GE-1 )/RC/PA-»-(P-1 )/RC/Pa/CP ) 4 5
DA = PMAX-PM AX A 
I F ( A 3 S ( i) A ) . L T . T L E ) 
p M A X A = P M A X 
GÜ TO 160 
CONTINUE . 
da = p^'ax-pn:a X i 
I F (A B S ( D A ).LT .TLB)
CALL S0L(ST1,S12,B 
GO TO 5 0
AM T = P C * P A * C A  * S ■* P E 1 * V S * E b / R / T M / (1 - 1 / C P ) / J E T
FP=L0*AMr*CV*WRC*(1-((A*B**1.4-1)*1/CR**0.4)/(A-1+1.4*A*(6-1)))/
1R T /h P C eq 47
GO TO 40 
M A = ()
CR=CRA 










1 4 ) ) - 1 / ( G C - 1 ) *• ( 1 - C R * * ( G C -1 ) ) )
CB=PMAX-FMAXL
IF(AfiS(Dn).LT.lLC) GO TO 80
CALL S0L(ST5iSTo,CR,ST7,5T2,CRB,DB,MA)
GO TO 70 
80 I F (C R .L c .CR B) GO TO 90 
C R = C P ÎÎ 
GO TO 20 
40 EP=EP-CBtE5 
AMF = A?1T/FT 
E=EP*HPCA/CV/AMF 
AME = bP* Ai'T + AMF 
A fU A = A |.' F * K  / 6 / V S 
HC=(11G+10*AMFA)/(1+AyFA)/100 
h C = C V * A M F *(1 - L- B C)
T D = H C / C - 2 8 / A M L 
1 0 0  T r = H C / C P G (1 / S f: / R T , T M + T 0 / 2 ) / A M E 
T D A = F C / C r G ( 1 / 5 R / P T , T M + T D / 2 ) / A M [
I F (A b S (rO-TDA ).LT.TLO ) GO TO 110 
TD=TFA 
GO TO 1 0 0
110 AA=(PC+PA)**2-4+PDC+(5R*AMT)+*2*(2+TU+TD) 








Ir T P A N  I V A 1 9  S O U R C E  P r  0  G R ; U C N G I N t  S U B R O U T I N E  2 7 / 0 5 / 7 1  P A G E
jlOl GO TO 130 A 1 ,j 2
Il02 120 PT=(PC+PA+SQRT((RC*PA)**2-4*PDC*(SP*AMT)**2*(2*TM+TD)))/2 eq 55
103 130 REX=PT/PA
104 TEX=TM+TD
105 E?JE = SK*A‘-T + SORT (Tfl) / RC/PA
106 TNF = Ai/E*SQRT ( TEX)/PT
107 EE=E
108 RETURN . -
109 END
Al.53
SYMBOL „JYRfc _  ESIA.
A _ __R4 _ 01 _ al p h a
AF.D (R4) 01 d i a g r a m  eff ic iency  arras
ANC (P4) 01 h ea t to coolant a r r a y
AMt . R4 01 engine mass flow
AM F R4 0 4 fu el flow
AMT R4 01 t ra pp ed mass
APTP I (R4) 01 p r es sure change arra y
U R4 01 beta
CA R4 Vl constant
CB R4 01 do
CR R4 Ü 1 co mp r e s s i o n  ratio
CR A R4 01 u p p e r  com pre ss ion ratio
CR3 R4_ .__ 01 l o w e r  c o m p re ss ion ratio
CV R4 CI calorific va l u e  of fuel
DA R4 01 error term
DB R 4 01 do
DTK R4 01 constant
ÈD R4 01 d i a gr am efficien cv
EF ❖ R4 01 engine eff ici en cy
CEI R4 01 indicat ed  engine effici;
EN F 6R4 0 1 engine n-d m as s flow
EP 4P 4 01 engine p o we r
ES 4R4 01 engine speed
GC R4 01 in de x of c o m p re ssion
G t R4 01 index of ex pa nsion
HC R4 01 heat tr an s f e r  to coolan-
MPC R4 01 constant
H PC A t< 4 01 do
JET I 4 01 engine tvpe 1 if 2 str 2
JVCR J4 01 va r i a b l e  c o m p ressio n ma;
M I 4 01 counter
MA _ 1 4 _ C 1 do
liC I 4 01 do
P K4 Cl i n te rmedia te  va lu e
PA W 4 04 ambient pre ssure
PH I F 4 01 effective str oke/t ot al i
PMA X R4 0 1 p eak  cylinder  pr essure
PM AX A R4 CI do
P M A X L R4 01 do
PT R4 01 trapped pressu re
F TPI F 4 01 exh p r/ini  pr
F R4 01 gas constant
RC *P4 01 boost ratio
REX 4P4 01 exhaust pr es s u r e  ratio
F r 4R4 01 trapped a i r/fu el  ratio
RTA R4 01 do
Al .54
SYMBOL TYPE bSID
S R4 01 sigma
3R ❖ R4 0 1 scavenge ratio
STI R4 01 iteration store
ST2 R4 01 do
sr5 R4 11 do
ST4 R4 01 do
ST5 R4 01 do
3T6 R4 01 do
ST7 R4 01 do
ST 8 R4 01 do
TA P4 0 4 ambient temperature
TD R4 01 temperature change
TO A R4 01 do
FfcX ❖ R4 0 1 exhaust temperature
TLA R4 0 1 tolerance
I Ld R4 01 do
n e R4 01 do
TLD R4 01 do
TU 6R4 01 manifold temperature
TMC R4 01 mean compression temperature
r:*b R4 01 mean expansion temperature
TNF 0P4 1 exhaust n-d mass flow
V A M F A (R4) Cl fuel flow vector
Vb S ( P4 ) 01 engine speed vector
VRC (R4) 01 boost ratio vector
VRT (R4) 01 KT vector
VS R4 01 speed vector
VSR (R4) 01 SR vector
WHC R4 01 constant
1 0 STMT 01
2 0 STMT 01
3 0 STMT 01
40 STMT 01
50 STMT 01
6 0 STMT 01
70 STMT 01
80 S T M T 01
9 0 STMT 01
1 00 STMT 01
1 1 0 STMT 01
130 STMT 01
140 STMT 01
1 50 STMT 01
1 60 STMT 01
190 STMT 01
Arrays for TS3 AI .r^e
1 BLOCK DATA
2 COMf!ON/L2/AR2 (4 , 4 , 4 )
3 DATA AR 2/ 37 .12,47 .05,65.54 ,82.77,4 3.86,55.6 0,77.46,9 7.81,50.6 1,
4 A64.16,89.3 7,112.8,57.36,72,71 ,101.2,12 7,9,38.1 3,49.26,7 0.49,90.7 2,
5 84 5. 06, 58. 22,83.3 1,107.2,5 1.99,67. 18,96.13, 123.7,58. 92,76.13, 108.9,
6 Cl 40.2 ,38. 58, 50.27, 72.85 ,94 .62,45.59, 59.42 , 8 6 .1 0, 1 1 1 . 8  , 52.61 , 68.56,
7 099 .35,1 29 .0 ,59.6 2, 77.70,1 12 . 5, 14 6.2,3% .8 3,50, 8 6 ,74.23,96.93,45.89,
8 £6 0.10, 87 .7 3,114 .5 ,52.95,69 .3 5,1 01. 2,132.1,6 0.01,78.6 0,114.7,1 49.8/
9 END
CKF=J; (r C, SR, CE) for engine speed 2500
1 BLOCK DATA
2 C0MMCN/L5/AR3(4,3,4,4)
3 DATA A R 3 / 1 9 1 6 . , 1952.,2041.,2130.,1538.,15 71.,1635 .,1705.,1 332.,
4 A 1 3 6 5 . ,1 419.,1480.,1741.,1 7 76.,I 860 ,,1 943 .,1410.,1444.,1506.,1572.,
5 B123 1.,126 5. ,1319.,1377 .,1608., 1644.,172 4.,1802., 1314.,134 8.,1409.,
6 C1472.,1156., 1190.,1244.,1300.,150 4.,1539.,1617.,1 691 .,124 0,,1273 .,
7 D1 3 3 3 . ,1394.,1098 .,1132.,1 185.,1240 .,1 902., 1928.,200 7.,2088., 1523.,
8 El 545., 1 594 ., 1654., 1316., 1 338., 1376., 1 425., 1 727., 1 752., 1 825,, 1 898.,
9 F 1 395.,1417.,14 6 4.,1519.,1216.,12 37. ,1274.,13 2 0.,1594.,1618.,1687.,
10 G 1 754.,129 9.,1321 .,1366.,1 417.,114 1,,1162., 1198,,124 1.,1490.,
11 H1 5 1 4 . ,1578 .,1642. ,1224.,12 46.,1289 .,1338.,1 083.,1104 .,1140.,1 180.,
12 J189 6. ,1 91 9.,19 93 .,2071.,1517 ., 153 4., 1577.,163 5.,1310., 1326.,135 7.,
13 K 1 4 0 1 . ,1721.,1743.,1810.,1 8 8 0.,1389.,1406,,1446 .,1496.,1 209.,122 5.,
14 L 12 55.,1295.,1588.,1 609.,1671.,1735.,1 293 .,1309.,134 7.,1394.,1134.,
15 M1150 ., 11 79.,1 21 6.,1484.,15 04.,1562. ,16 28.,1 218.,1234 .,1271.,1 314.,
16 N107 6. ,10 92.,1 120.,1155 .,1893., 1915.,198 6.,2 0 6 1 ,;i513 ., 1528.,1568.,
17 PI 621.,1306., 1320.,1347.,1338.,1718.,1 738.,180 2,,1 869., 1 385. , 1 399. ,
18 0143 6. ,1 484., 12 05.,1 219.,1245 .,1 282., 1584.,160 3.,1662., 1724,,128 9.,
19 R130 3 . , 1 33 7. ,1381. ,1 130.,11 43 .,1 1 6 8 .,1203.,14 8 0.,1498.,1553.,1610.,
20 S1214., 1228.,126 0.,1301.,1072.,1085.,11 09.,1141./
21 END
TEX=f (ivG, R T , SR, CE) for engine speed 2500
1 BLOCK DATA
2 C0MM0N/L4/AH4(4,3,4,4)
3 ■ d a t a  AR 4 / 1 . 289,1 .74 3,2.655,3 .572,1.32 5,1.785, 2.712,3.6 42,1.344,
4 A1,80 7, 2. 741,3 .6 77,1.20 7,1 .645, 2.527,3. 415,1.258 ,1.704,2. 604,3.508 ,
5 81.283 ,1 .7 33,2. 64 2,3.555 ,1 .094,1.5 15,2.362 ,3.216,1. 170,1.599 ,2.467 ,
6 C3.34 3, 1,205 ,1 .639,2.518, 3,404,0. 887,1.314 ,2.131,2. 950,1.043 ,1,454,
7 02.2 89 ,3 .130,1.0 98,1.514, 2.359,3. 212,1.2 78,1.72 0,2.606,3.494,1.317,
8 E1.76 8 ,2.6 7 5, 3.5 83, 1.337,1.7 93,2.710, 3. 629 ,1. 191,1,612 ,2.456,3. 304,
9 FI.246, 1. 67 9,2.5 52 ,3.427,1.274 ,1 .71 3,2 .599,3.43 7,1.067,1 .462,2.25 4,
10 03.052,1.152,1.5 63 ,2 .39 3,3.226,1 .191,1.61 0,2. 457,3.30 8,0.500,1.192,
11 HI. 93 6 ,2. 675 ,1 .011,1. 39 5,2.174 ,2 .95 6, 1.075, 1. 4 6 8 ,2.26 8 ,3.074,1,273 ,
12 J 1 . 70 9, 2. 580,3.452 ,1.313,1. 760,2.65 6,3.553,1 .334,1.78 6,2.695,3 ,603,
13 K1.1 83,1.59 5, 2. 41 8 ,3.242,1.241,1.668,2.525,3.38 3,1.269,1.7 03,2,577,
14 L3.451 , 0 .500,1 .OS6,1 .79 6,2.476,0 .9 95,1 .364,2.1 09,2.855,1 . 0 6 4,1 ,446,
15 M2.2 20 ,2 .996, 1.054,1.4 35,2.195 ,2,957,1. 144,1.545 ,2.3 54,3.163,1.185,
16 N 1 . 5 9 6,2 .4 25 ,3.25 7, 1.271,1 .7 03 ,2 .5 6 5,3.426,1.311,1.755,2,645,3.533,
17 P I .33 2, 1. 782,2. 68 5,3.5 88,1.179, 1.585,2. 39 5,3.2 03,1,238,1.661,2,5 09,
18 03 .356 ,1. 267,1.6 9 8,2.564 ,3.42 9,1.046,1.418,2.157,2.894,1.139,1.535,
19 R2.329,3,122,1 .181 ,1 . 587,2.406,3.225,0.500 ,0.500,1 .662,2.294,0.986.
20 SI.345,2.068,2. 787,1 . 058,1 .432,2.189,2.9 46/
21 END
  R i3X=1'(r G, RT, SR, CE) for engine speed 2500
Arrays for TS3 AI.56
1 BLOCK DATA
2 C0HM0N/L5/AR5(4,3,4,4)
3 DATA AR5/5 7.76,54.67,5 1.12,49 .03,49.61 ,47.20,4 4,15,42.4 0,45.19,
4 A 43 .13 ,40.40,38.84 ,69.02,64.87,60.21 , 57.50, 58.88, 55.77,51 .92,49, 71 ,
5 8 5 3 . 6 0 , 5 0 . 9 9 , 4 7 . 5 8 , 4 5 . 6 3 , 84.0 4,77.8 1, 71.20,6 7. 49,70.2 9, 6 6 .04,60.94,
6 058.07,63 .65 ,60.19, 55. 79,53.30,1 13.2,9 8 .02, 8 6 .27,80.48, 8 6 .60, 79, 76,
7 072.25 ,6 8 . 23 , 77.02, 71 .90 ,65.77, 62 .40,59.62,57.64 , 55 .56,54.39, 51 . 03 ,
8 £49. 48 ,47.54, 46 .52,46. 39 , 4 5 . 0 6 , 4 3 . 2 7 , 4 2 . 3 2 , 7 1 . 5 8 ,6 8 ,84,65.99,64.39,
9 F60.73 ,5 8.70,5 6. 18,54.8 4, 55.12,53 .42,51.15,4 9.93,88.1 3,83.75,7 9,35,
10 G76.93 ,72,89 , 70.03, 6 6 .55, 64.70,65.71 , 63.41 ,60.38,58.74,205.3,1 12.2,
11 HI 00.9,95 .87,91 .18,86.13, 80.47, 77.56,80.22, 76.64, 72.1 4,69. 74,60,47,
12 J59.07,57.78,5 7. 18,51.67, 50.54,49. 21,48.62, 46. 93,45 .96,44.67 ,44.08,
13 K72.76,70. 80 ,68.97, 68 .09,61. 57 ,60 .08 ,58.3 2,57.51,5 5.81,54.5 7,52.91,
14 152.13 ,9 0.10,86.8 5,83.83,8 2.35,74. 10,71.97, 69.46,68. 27,66.66, 64.95,
15 M 6 2 , 70 ,6 1. 6 0 , 2 0 7 . 3 , 1 2 5 . 2 , 111.8,107.3,93.4 6,8 9.48,85.0 8,83.02, 81.74,
16 N79.0 1 , 7 5 . 53 ,7 3.81,60. 95,59.91, 59.11,58 .89,52.04 ,51.16,50 .20,49.89 ,
17 P47.2 3,46.4 8, 45.50,4 5. 15,73.4 4, 71 .96 ,70.79, 70.41,62. 05,60.89, 59.60,
18 059 ,1 5,56.21 ,5 5. 2 4 , 5 3 . 9 6 , 5 3 , 4 7 , 9 1 . 2 7 , 8 8 . 73 ,86.69,85.94,74. 79, 73.11.
19 R71 .24,70.52,67.20,65.36,64.11 , 63 .38,205.5,274.2,122.7,118.2, 94. 83 ,
20 S91.5 6, 88. 05,86.68, 82.62,80. 43,77.65 ,76.43/
21 END
ThT=f( r C,RT,SR,CE) for engine speed 2500
1 BLOCK DATA
2 COM MON/L 6 /AR 6 (4 , 3 , 4 )
3 DATA AR 6/192. 6. 249.5,344. 0,419.6.1 21. 0,159 .3,227.3, 281.5,85. 18,
4 A113.9,1 6 6 .8,209,1 ,196. 4 ,262.1 ,369.1 ,456.1 ,124.9,167, 8 ,245.1,30 8.0,
5 B88.11,120.3,180.4,229,7,201 .0,267.6,380.9,474 ,3,126.6,171 .7,253 , 5 ,
6 C320. 8 ,89.41,123.2,186.9,239.7,2 02.5,2 70.7,387. 8 ,484. 8 ,127. 6 ,174.0,
7 D258.4,328.4,9 0.15,124. 9,190.7,2 45 .7/
8 END
EP=i ( ^ iC, R T , GE) for engine speed 2500
1 BLOCK DATA
2 C0MM0N/L7/AR7(4,3,4)
3 DATA AR 7/.4049 ,, 4139,.4096, .3956,.38 15,.3964 ,.4060,.3 982,.3582 ,
4 A.3779,.3973, .3 944,.40 62 ,.4153, .408 6, .3927,. 38 34,.398 8, .4070,. 59 74
5 B.3606,.3 812, .3995,. 39 53,.406 7, .4 15 3,.4080 ,. 3912,.3 84 2,,3999 ,. 4073
6 C.3969,.3617 ,. 3826,.4 00 4,.3955 , .40 70 ,.4154, .4 077,.39 03 ,,3846, .4 005
7 ,0.4074,.3966,.3623,.3834,.4010,.3956/
8 END
-jE=f (rlG, R T , GE) for all engine speeds
1 BLOCK DATA
2 C0 MM 0N/L16/VRC(4 ),VRT(3), VSR( 4),VCE(4),VCN F(5)
3 DATA V P C / 1 .5,2.0,3.0,4.0/,
4 1V Rr /2 0.0,30.0,40.0/,
5 2VSR/1 .1,1.3,1.5,1.7/,
6 3VCE/0.3,0.5,0.7,0.9/,
7 4VC N F / 4 0 . 0,80.0,120.0,160.0,20 0.0/
8 END
n n -Tn v ran • i i q  a  -nr-r-. P H T i D
Arrays for T33 •57
BLOCK DATA
C O M M O N / L 2 / A R 2 (4,4,4)
DATA A R 2 / 3 1 . 3 0 , 4 1 . 0 0 , 5 7 . 0 0 , 7 2 . 8 C , 3 7 . 5 0 , 4 8 . 0 0 , 6 6 . 9 0 , 8 4 . 3 0 , 4 3 . 2 0 ,  
A 5 2 . 90 , 76. 50, 96. 50, 48.70, 61 .90 , 85 .90, 1 08. 2 , 32 .80 , 43 .00, 61 .20 , 7 9 . 0 0  ,
8 3 8 . 9 0 . 5 0 . 0 0 . 7 1 . 8 0 . 9 2 . 5 0 . 4 4 . 6 0 . 5 7 . 2 0 . 8 2 . 0 0 . 1 0 5 . 6 . 5 0 . 0 0 . 6 4 . 5 0 . 9 2 . 2 0 ,  
Cl 1 9 . 0 , 3 4 . 0 0 , 4 4 . 0 0 , 0 3  .80,82.70,39.50, 51 .00. 7 4 . 2 0 , 9 6.6 0, 45,00, 5 S . 50,
0 8 5 . 0 0 . 1 1 0 . 2 . 5 0 . 6 0 . 6 5 . 5 . 9 5 . 2 0 . 1 2 4 . 2 . 3 4 . 5 0 . 4 4 . 6 0 . 6 5 . 0 0 . 8 5 . 0 0 . 4 0 . 0 0 ,  
E 5 2 . 0 0 , 7 6 . 0 0 , 9 9 . 0 0 , 4 5 . 9 0 , 5 9 . 9 1 , 8 6 . 8 0 , 1 1 3 . 0 , 5 1 , 2 0 ,  6 6 . 4 0 , 9 7 . 6 0 , 1 2 7 .0 /
END
CNI''=f (R G , oR, CE) for engine speed 2000 
BLOCK DATA
CQ M M 0 N / L 3/ AR3(4,3 ,4 ,4)
DATA A R 3 / 1 7 8 7 . , 1 8 3 0 . , 1 9 2 3 . , 2 0 1 3 . , 1 4 3 4 . , 1 4 7 4 . , 1 5 4 4 . , 1 6 1 6 . , 1 2 4 3 . ,
A 1 2 8 2 . , 1 3 4 3 . , 1 4 0 7 . , 1 6 4 0 . , 1 6 8 1 . , 1 7 7 0 . , 1 8 5 4 . , 1 3 2 8 . , 1 3 6 8 . , 1 4 3 5 . , 1 5 0 4 . , .  
8 1 1 6 1 - , 1 2 0  0 . , 1 2 6 0 . , 1 3 2 1 . , 1 5 2 6 . , 1 5 6 7 . , 1 6 5 1 . , 1 7 3 0 . , 1 2 4 7 . , 1 2 3 6 . , 1 3 5 2 . ,  
Cl 41 7 . ,  1 0 9 9 . ,  1 1 3 7 . ,  1 1 9 6 . ,  1 2 5 5 . , 1 4 3 6 . , 1 4 7 6 . , 1 5 5 7 . , 1 6 3 3  . , 1 1 8 4 . , 1 2 2 2  . ,  
D 1 2 8 6 . , 1 3 4 9 . , 1 0 5 0 . , 1 0 8 8 . , 1 1 4 6 . , 1 2 0 3 . , 1 7 7 4 . , 1 8 0 7 , , 1 8 9  0 . , 1 9 7 1 - , 1 4 2 0 - ,  
El 4 4 9 - ,  1 5 0 4  . ,  1 5 6 5  . ,  1 2 2 8 . , 1 2 5 6 . , 1 3 0 1  . ,  1 3 5 2  . ,  1 6 2 6 . , 1 6 5 7 . , 1 7 3 4 . , 1 8 0 9 . ,  
F 1 3 1 4 . , 1 3 4 2 . , 1 3 9 4 - , 1 4 5 1 . , 1 1 4 6 . , 1 1 7 3 . , 1 2 1 6 . , 1 2 6 4 . , 1 5 1 2 . , 1 5 4 2 . , 1 6 1 4 . ,  
G 1 6 3 3 - , 1 2 3 3 . , 1 2 6 0 . , 1 3 1 0 . , 1 3 6 3 . , 1 0 8 3 . , 1 1 1 0 . , 1 1 5 1 . , 1 1 9 7 . , 1 4 2 2 . , 1 4 5 0 . ,  
H 1 5 1 9 . , 1 5 8 3  . , 1 1  6 9 . , 1 1 9 5 . , 1 2 4 3 . , 1 2 9 3 . , 1 0 3 5 . , 1 0 6  0 . , 1 1  0 1 . , 1 1 4 4 . , 1 7 6 9  . ,  
J 1 7 9 8 . , 1 8 7 6 . , 1 9 5 4 . , 1 4 1 4 . , 1 4 3 8 . , 1 4 8 7 . , 1 5 4 4 . , 1 2 2 2 . , 1 2 4 4 . , 1 2 3 2 . , 1 3 2 8 - ,  
K 1 6 2 1 . , 1 6 4 8 . , 1 7 2 0 . , 1 7 9 0 . , 1 3 0 7 . , 1 3 3 0 . , 1 3 7 6 . , 1 4 2 3 . , 1 1 4 0 . , 1 1 6 1 . , 1 1 9 7 - ,  
L 1 2 3 9 . , 1 5 0 6 . , 1 5 3 3 . , 1 5 9 9 . , 1 6 6 3  . , 1 2 6 6 . , 1 2 4 8 . , 1 2 9 2 . , 1 3 4 0 . , 1 0 7 7 , , 1 0 9 8 . ,  
M 1 1 3 2 - , 1 1 7 2 . , 1 4 1 6 . , 1 4 4 1 . , 1 5 0 3 . , 1 5 6 3 . , 1 1 6 2 . , 1 1 8 3 . , 1 2 2 5 . , 1 2 7 0 . , 1 0 2 8 . ,  
N 1 0 4 8 . , 1 0 8 1 . , 1 1 1 8 . , 1 7 6 5 . , 1 7 9 3  . , 1 8 6 9  . , 1 9 4 4 . , 1 4 1 0 . , 1 4 3 2 . , 1 4 7 8 . , 1 5 3 2 . ,  
PI  2 1 8 - ,  1 2 3 8 . ,  1 2 7 2  . ,  1 31 5 . ,  1 61 7 . ,  1 6 4 3  . ,  1 71 1 . ,  1 7 3 0 . ,  1 3 0 4 . ,  1 3 2 4  . ,  1 3 6 7  . ,
0 1 4 1 6 . . 1 1 3 6 . . 1 1 5 5 . . 1 1 8 7 . . 1 2 2 6 . . 1 5 0 3 . . 1 5 2 7 . . 1 5 9 0 . . 1 6 5 3 . . 1 2 2 3 . . 1 2 4 2 . ,  
R 1 2 8 2 - , 1 3 2 7 . , 1 0 7 3 . , 1 0 9 1 . , 1 1 2 2 . , 1 1 5 8 . , 1 4 1 2 . , 1 4 3 5 . , 1 4 9 4 . , 1 5 5 1 . , 1 1 5 9 . ,
5 1 1 7 7 . . 1 2 1 4 . . 1 2 5 6 . . 1 0 2 4 . . 1 0 4 2 . . 1 0 7 1 . . 1 1 0 5 , /  
t H D
T E X = f (R G ,R T ,3R,GE) for engine speed 2l00 
BLOCK DATA
C 0M M0 N/L4/A R 4 ( 4 , 3 , 4 , 4 )
DATA A R 4 / 1 . 3 5 5 , 1 . 3 2 1 , 2 . 7 5 7 , 3 . 6 9 7 , 1 . 3 7 8 , 1 , 8 4 9 , 2 . 7 9 5 , 3 . 7 4 4 , 1 . 3 9 0 ,
A 1 . 8 6 3 , 2 . 8 1 4 , 3 . 7 6 8 , 1 . 3 0 8 , 1 . 7 6 4 , 2 . 6 8 0 , 3 . 6 0 2 , 1 . 3 3 8 , 1 . 7 9 9 , 2 . 7 2 8 , 3 . 6 6 0 , 
8 1 . 3 5 3 , 1 . 8 1 7 , 2 . 7 5 2 , 3 . 6 9 0 ,1 . 2 5 1 , 1 . 6 9 4 , 2 . 5 8 8 , 3 . 4 8 8 ,1 .2 8 9 , 1 . 7 3 9 , 2 .64 8 , 
C 3 . 56 2 , 1 . 3 0 8 , 1 . 7 6 2 , 2 . 6 7 8 , 3 . 5 9 8 , 1 . 1 7 9 , 1 . 6 0 9 , 2 .4 77,3. 35 3, 1 . 2 3 0 , 1 . 6 6 7 , 
0 2 . 5 5 3 , 3 . 4 4 4 , 1 . 2 5 4 , 1 . 6 9 6 , 2 . 5 9 0 , 3 . 4 8 9 , 1 . 3 4 8 , 1 . 8 0 6 ,2 . 7 2 5 , 3 . 6 4 6 ,1.373, 
El . 8 3 7 , 2 . 7 7 0 , 3 . 7 0 4 , 1 . 3 8 6 , 1 . 8 5 4 , 2 . 7 9 3 , 3 . 7 3 4 , 1 . 2 9 8 , 1 . 7 4 4 , 2 .637,3.533, 
FI.3 31, 1.784,2 . 6 9 5 , 3 . 6 0 3 , 1 . 3 4 7 , 1 . 8  0 4 , 2 . 7 2 4 , 3 . 6 4 6 , 1 . 2 3 8 , 1 .  6 6 8,2.531, 
G 3 . 3 9 3 , 1 . 2 8 0 , 1 . 7 1 9 , 2 . 6 0 5 , 3 . 4 9 3 , 1 . 3 0 0 , 1 . 7 4 5 , 2 .  6 4 1 , 3 . 5 4 0 , 1 . 1 6 2 , 1 . 5 7 3 ,  
H 2 . 4 0 0 , 3 . 2 3 3 , 1 . 2 1 7 , 1 . 6 4 1 , 2 . 4 9 5 , 3 . 3 5 4 , 1 . 2 4 4 , 1 . 6 7 3 , 2 . 5 4 1 , 3 . 4 1 3 , 1 . 3 4 5 ,  
J1. 7 9 9 , 2 . 7 0 9 , 3 . 6 1 9 , 1 . 3 7 0 , 1 . 8 3 2 , 2 . 7 5 8 , 3 . 6 8 4 , 1 . 3 8 4 , 1 . 3 4 9 , 2 .783,3.717, 
K 1 . 2 9 4 , 1 . 7 3 4 , 2 - 6 1 5 , 3 . 4 9 7 , 1 . 3 2 7 , 1 . 7 7 7 , 2 . 6 7 8 , 3 . 5 8 1 , 1 . 3 4 4 , 1 . 7 9 8 , 2 . 7 1 0 ,  
L3 . 6 2 3 , 1 . 2 3 2 , 1 . 6 5 5 , 2 . 5 0 1 , 3 . 3 4 9 , 1 . 2 7 5 , 1 . 7 1 0 , 2 . 5 8 3 , 3 . 4 5 7 , 1 . 2 9 7 , 1 . 7 3 7 ,  
M 2 . 6 2 3 , 3 . 5 0 9 , 1 . 1 5 4 , 1 . 5 5 5 , 2 . 3 6 0 , 3 . 1 6 6 , 1 . 2 1 1 , 1 . 6 2 8 ,2 .4 6 6 ,3.306,1.239, 
N 1 . 6 6 3 , 2 . 5 1 7 , 3 . 3 7 3 , 1 . 3 4 3 , 1 . 7 9 5 , 2 .  6 ^ 9 . 3 . 6 0 2 , 1 . 3 6 9 , 1 . 829 ,2.751,3.671, 
P I . 3 8 2 , 1 . 8 4 7 , 2 . 7 7 7 , 3 . 7 0 7 , 1 . 2 9 2 , 1 . 7 2 0 , 2 . 6 0 2 , 3 . 4 7 4 , 1 . 3 2 5 , 1 . 7 7 3 , 2 .669 
0 3 . 5 6 4 , 1 . 3 4 3 , 1 . 7 9 5 , 2 . 7 0 2 , 3 . 6 0 9 , 1 . 2 2 9 , 1 . 6 4 7 , 2 . 4 8 3 , 3 . 3 1 9 , 1 . 2 7 3 , 1 . 7 0 4  
R 2 . 5 7 0 , 3 . 4 3 4 , 1 . 2 9 5 , 1 . 7 3 3 , 2 .6 1 2 , 3 . 4 9 1 , 1 .1 4 9 , 1 . 5 4 5 , 2 . 3 3 5 , 3 . 1 2 4 , 1 . 2 0 6  
51.6 2 0 , 2 . 4 4 8 , 3 . 2 7 6 , 1 . 2 3 6 , 1 . 6 5 6 , 2 . 5 0 2 , 3 . 3 4 8 /
END
f ( R C , R T , 3R, GE) for engine speed 2000
Arrays for TS3 AI • fS
BLOCK DATA
C OM MO N/L5 / A R 5 ( 4 , 3 , 4 , 4 )
DATA A R 5 / 4 6 . 1 6 , 4 4 . 0 5 , 4 1 . 5 5 , 4 0 . 0 4 , 4 0 . 1 1 , 3 8 . 4 3 , 3 6 . 2 4 , 3 4 . 9 6 , 3 6 . 7 7 ,  
A 3 5 . 3 2 , 3 3 . 3 4 , 3 2 . 1 9 , 5 3 . 1 4 , 5 0 . 5 8 , 4 7 . 5 7 , 4 5 . 7 5 , 4 6 . 2 2 , 4 4 . 2 0 , 4 1 . 6 1 , 4 0 . 0 8 ,
6 4 2 . 4 8 . 4 0 . 7 5 . 3 8 . 4 1 . 3 7 . 0 4 . 6 1 . 0 0 . 5 7 .  8 3 , 5 4 . 1 5 , 5 1 . 9 4 , 5 2 . 9 5 , 5 0  .53,47.41, 
0 4 5 . 5 8 , 4 8 . 7 3 , 4 6 . 6 5 , 4 3 . 8 7 , 4 2 . 2 3 , 7 0 . 3  4 , 6 6 . 2 5 , 6 1 . 6 0 , 5 8 . 8 5 , 6 0 . 7 0 , 5 7 . 6 7 ,  
053.8 4 , 5 1 . 6 1 , 5 5 . 8 0 , 5 3 . 2 5 , 4 9 . 8  7 , 4 7 . 8 9 , 4 7 . 4 9 , 4 6 . 2 0 , 4 4 . 8 3 , ^ 4 . 0 4 , 4 1 . 1 6 ,  
E 4 0 . 1 3 , 3 8 . 8 1 , 3 8 . 1 1 , 3 7 . 6 7 , 3 6 . 7 9 , 3 5 . 5 5 , 3 4 . 9 0 , 5 4 . 7 5 , 5 3 . 1 7 , 5 1 . 4 8 . 5 0 . 4 9 ,  
F 4 7 . 4 7 , 4 6 . 2 3 , 4 4 . 6 4 , 4 3 . 7 8 , 4 3 . 5 4 , 4 2 . 4 9 , 4 1 . 0 1 , 4 0 . 2 0 , 6 3 . 0 1 , 6 1 . 0 2 , 5 8 . 8 9 ,  
0 5 7 . 6 4 , 5 4 . 4 3 , 5 2 . 9 6 , 5 1 . 0 2 , 4 9 . 9 5 , 5 0 . 0 1 , 4 8 . 7 3 , 4 6 . 9 4 , 4 5 . 9 5 , 7 2 . 9 9 , 7 0 . 3 5 ,  
H 6 7 . 5 3 , 6 5 . 8 8 , 6 2 . 6 1 , 6 0 . 6 9 , 5 8 . 2 3 , 5 6 . 8 7 , 5 7 . 3 9 , 5 5 . 7 3 , 5 3 . 5 7 , 5 2 . 3 3 , 4 8 . 0 9 ,  
J 4 7 . 2 2 , 4 6 . 4 3 , 4 6 . 0 7 , 4 1 . 6 3 , 4 0 . 9 2 , 4 0 . 0 6 , 3 9 . 6 9 , 3 8 . 0 7 , 3 7 . 4 7 , 3 6 . 6 2 , 3 6 . 2 4 ,  
K 5 5 . 4 8 , 5 4 . 4 1 , 5 3 . 4 2 , 5 2 . 9 4 , 4  8 . C 3 , 47.17, 4 6 . 1 2 , 4 5 . 6 5 , 4 4 . 0 2 , 4 3 . 2 9 , 4 2 . 2 7 ,  
L 4 1 . 7 9,63. 93 ,62.5 7 , 6 1 . 2 3 , 6 0 . 6 3 , 5 5 . 1 7 , 5 4 . 1 1 , 5 2 . 8 0 , 5 2 . 1 9 , 5 0 . 5 9 , 4 9 . 6 9 ,  
M 4 8 . 44, 47.83, 74.22, 72.33, 70.60, 69 .70, 63 .48,62.1 7,60.44,59. 63 , 58.1 1 , 
N 5 6 . 9 8 , 5 5 . 4 0 , 5 4 . 6 1 , 4 8 . 4 2 , 4 7 . 8 1 , 4 7 . 3 9 , 4 7 . 3 0 , 4 1 . 8 9 , 4 1 . 3 3 , 4 0 . 8 0 , 4 0 . 6 5 ,  
93 8.3 0 , 3 7 . 8 6 , 3 7 . 2 5 , 3 7 . 0 5 , 5 5 . 9 0 , 5 5 . 1 4 , 5 4 . 5 8 , 5 4 . 4 3 , 4 8 . 3 5 , 4 7 . 7 2 , 4 7 . 0 1 ,  
0 4 6 . 7 8 , 4 4 . 2 9 , 4 3 . 7 6 , 4 3 . 0 1 , 4 2 . 7 5 , 6 4 . 4 6 , 6 3 . 4 8 , 6 2 . 7 2 , 6 2 . 4 3 , 5 5 . 5 6 , 5 4 . 7 8 ,  
R 5 3 . 8 7 , 5 3 . 5 6 , 5 0 . 9 2 , 5 0 . 2 6 , 4 9 . 3 4 , 4  8 . 9 3 , 7 4 . 9 3 , 7 3 . 5 8 , 7 2 . 5 0 , 7 2 . 1 0 , 6 3 . 9 3 ,  
S 6 2 . 9 6 , 6 1 . 7 7 , 6 1 . 3 2 , 5 8 . 5 2 , 5 7 . 6 7 , 5 6 . 5 0 , 5 6 . 0 1 /
END
TNF=f ( R G , liT , 3R, CE) for engine speed 20Û0 
BLOCK DATA
C0M*'i0N/L6/AR6(4,3,4)
DATA A R 6 / 1 5 4 . 1 , 1 9 9 . 6 , 2 7 5 . 2 , 3 3 5 . 6 ,96.30, 1 2 7 . 4 , 1 8 1 . 8 , 2 2 5 . 2 , 6 8 . 1 5 ,  
A 9 1 . 1 4 , 1 3 3 . 5 , 1 6 7 . 3 , 1 5 3 . 7 , 2 0 9 . 7 , 2 9 5 . 3 , 3 6 5 . 2 , 9 9 . 9 2 , 1 3 4 . 2 ,196.0,246.4.
8 7 0 . 4 9 . 9 6 . 2 7 . 1 4 4 . 3 . 1 8 3 . 8 .160. 8 . 2 1 4 . 0 . 3 0 4 . 7 . 3 7 9 . 4 . 1 0 1 . 3 . 1 3 7 . 4 . 2 0 2 . 3 ,  
C 2 5 6 . 6 , 7 1 . 5 3 , 9 8 . 6 1 , 1 4 9 . 5 , 1 9 1 . 8 , 1 62. 0 ,2 1 6 .6 ,3 10. 2 ,3 87 . 8 ,1 0 2 . 0 , 1 3 9 . 2 . 
0206. 7, 262. 7, 72.1 2, 99.96, 1 52.5, 196.5/
END
EP=f ( ItC, H T , CE) for engine speed 2000
b l o c k  DATA
C O M M O N / L 1 6 / V R C (4),V R T (3) , VSR (4 ) , V C E (4) , VCNF ( 5) 
DATA V R C / I . 5,2 .0, 3.0,4.0/,
AVRT/2C. 0 , 30 . 0,40 . 0/,
B V S R / 1. 2,1.4 ,1.6,1.8/ ,
CV CE/0. 3 , 0 . 5 , 0 . 7 , 0 . 9 / ,
D V C N F / 2 0 . 0 , 6 0 . 0 , 1 0 0 . 0 , 1 4 0 . 0 , 1 8 0 . 0 /
END
A r r a y  axes for engine speed 2000
Arrays for ?3p A1.59
BLOCK DATA
C 0 iM M 0 N / L 2 / a P2(4,4,4)
DATA A R 2 / 2 4 . 0 0 , 3 0 . 8 0 , 4 3 . 1 0 , 5 4 . 0 0 , 2 8 . 0 0 , 3 6 . 0 0 , 5 0 . 2 0 , 6 3 . 2 0 , 3 2 . 2 0 ,  
A 4 1 . 0 0 , 5 7 . 2 0 , 7 2 . 2 0 , 3 6 . 5 0 , 4 6 . 2 0 , 6 4 . 9 0 , 8 1 . 2 0 , 2 4 . 2 0 , 2 9 . 2 0 , 4 2 . 2 0 , 4 9 . 5 0 ,
B2 8 .50,37. 50 , 54.00, 69.20,33.00, 43.00,61 .7 0, 7 9 . 0 0 , 3 7 . 3 0  ,48.20,
C69 .20, 8 9 . 0 0 , 2 4 . 6 0 , 3 0 . 0 0 , 4 4 . 0 0 ,  62.00, 29.00,38.60, 55.90, 72.50, 
0 3 4 . 0 0 , 4 4 . 0 0 , 6 4 . 0 0 , 8 3 . 0 0 , 3 8 . 2 0 ,  49.50, 72.00,91 .00, 25.00,33.00,
E4 8. 6 0 , 6 3 . 5 0 , 2 9 . 8 0 , 3 9 . 0 0 , 5 7 . C O , 7 4 . 0 0 , 3 4 . 2 0 , 4 4 . 5 0 , 6 5 . 0 0 , 8 4 . 8 0 , 3 8 . 8 0 ,  
F 5 0 . 0 0 , 73.20,95.20/
END
CIIF=f ( RC, 3K, GE) for engine speed 1500 
BLOCK DATA
C C M M 0 N / L 3 / A R 3 ( 4 , 3 , 4 , 4 )
DATA AR3/1 731..1784.,1 89 0 . , 1 9 8 7 . , 1 3 7 8 . , 1 4 2 8 . , 1 5 0 9 . , 1 5 8 8 . , 1 1 8 9 . ,
A 1 2 3 7 . , 1 3 0 9 . , 1 3 7 9 . , 1 5 9 1 . , 1 6 4 1 . , 1 7 4 0 . , 1 8 3 0 . , 1 2 7 9 . , 1 3 2 7 . , 1 4 0 5 . , 1 4 7 9 ;
1 2 3 0 . . 1 2 9 6 . . 1 4 8 2 . . 1 5 3 1 . . 1 6 2 5 . . 1 7 1 0 . . 1 2 0 4 .
1 1 0 2 . . 1 1 7 0 . . 1 2 3 3 . . 1 3 9 6 . . 1 4 4 3 . . 1 5 3 3 . . 1 6 1 4 .
1 0 1 3 . . 1 0 5 7 . . 1 1 2 2 . . 1 1 3 3 . . 1 7 2 0 . . 1 7 6 3 . . 1 8 5 9 .
1 5 3 9 . . 1 1 7 5 . . 1 2 1 2 . . 1 2 6 8 . . 1 3 2 5 . . 1 5 6 8 . . 1 6 1 9 .
1 3 6 5 . . 1 4 2 8 . . 1 1 0 0 . . 1 1 3 5 . . 1 1 8 7 . . 1 2 4 1 . . 1 4 6 9 .
1 2 2 5 . . 1 2 8 4 . . 1 3 4 3 . . 1 . 4 3 . , 1 0 7 6 . , 1 1 26 ., 1176.
1 1 3 0 . . 1 1 6 4 . . 1 2 2 0 . . 1 2 7 5 . . 9 9 8 . 6 . 1 0 3 0 . . 1 0 7 8 .
1 9 3 0 . . 1 3 5 9 . . 1 3 9 4 . . 1 4 5 5 . . 1 5 1 9 . . 1 1 6 9 . . 1 2 0 1 .
1 6 9 3 . . 1 7 6 9 . . 1 2 6 0 . . 1 2 9 2 . . 1 3 4 8 . . 1 4 0 6 . . 1 0 9 4 .
1 4 9 9 . . 1 5 7 5 . . 1 6 4 5 . . 1 1 8 4 . . 1 2 1 4 . . 1 2 6 7 . . 1 3 2 0 .
1377..1 41 0..1481 .. 1546..1124.. 115.3.,12 02.
1 1 0 1 . . 1 7 1 2 . . 1 7 5 1 . . 1 8 3 8 ..1921 .. 1356.. 13 83.
1 2 4 1 . . 1 2 9 0 . . 1 5 7 0 . . 1 6 0 6 . . 1 6 8 5 . . 1 7 5 9 . . 1 2 5 7 .
1 4 6 1 . . 1 4 9 4 . . 1 5 6 7 . . 1 6 3 4 .
1 1 3 9 . . 1 3 7 4 . . 1 4 0 5 . . 1 4 7 2 .
1 049 ., 1 087 ./
Bill 4.,1160 
C 1 3 9 6 - ,1058 
D 1 2 6 2 . ,1330 
El 404 . , 1 4 71 
FI 266., 130 3 
G 1 66 4.,1190  
HI 496 ., 1 566 
J 1 755 - , 1 846 
K l 573., 1610 
L 1 2 1 7 . ,1464 
Ml 108.,1152 
N 1 018. ,10 59 
R 1 166.,1195 
01 394., 10 90  
R 1 2 5 7 . ,1308 
SI 147.,1192
1 1 1 8 ., 1 1 59 .,1 204
1 03 3. .1 0 5 8 . . 1 0 9 7
1 23 9. .9 8 8 . 6 . 1 0 1 2
1 250 ., 1 325 .
1145..1190.
1946..1365.
1 7 0 7 . . 1 787. 










1 535 ., 1 1 21 .
END
TEX=f(RC, KT ,3R,G3)  for engine speed 1500
BLOCK 
COMMOfJ 
D A T 4 A 
A1 .927, 
31 . 4 2 3  , 
C3.769, 
D 2 . 7 7 1 , 
E l . 914, 
F I .412, 
G 3 . 6 9 0  , 
. 703. 
. 8 9 5 ,  
. 3 9 5  , 
.800, 
. 8 0 4 , 
.830, 
. 438 , 















P4/ 1 . 424 , 1 .9 
2.900,3.874, 





































. 375 , 
. 78 7 , 






































































































85 6. 3. 819  
6 6 6 ,2 . 8 1 6  
366, 1. 632  
811,1.433 
81 0, 3.755 
83 2, 2.760 
338,1.792 
69 8, 1.419 
88 4, 3. 848  
89 4, 2.347 
39 6, 1.865 
649,1.370 
367,3.824




RfR=f(-G,RT,3R,GE).for engine speed 1 GOO
Arrays for TS3 A1 . 60
B L O C K  DATA
C 0 M M U N / L 5 / A R 5 ( 4 , 3 , 4 , 4 )
D A T A  A R 5 / 3 2 . 4 2 , 3 1 . 1 8 , 2 9 . 6 8 , 2 8 . 7 4 , 2 8 . 3 0 , 2 7 . 3 2 , 2 5 . 9 9 , 2 5 . 1 9 , 2 6 . 0 0 ,  
A 2 5 . 1 6 , 2 3 . 9 5 , 2 3 . 2 4 , 3 6 . 6 4 , 3 5 . 2 2 , 3 3 . 4 9 , 3 2 . 4 1 , 3 2 . 1 5 , 3 1 . 0 1 , 2 9 . 4 9 , 2 8 . 5 3 ,  
9 2 9 . 6 7 , 2 8 . 6 9 , 2 7 . 3 1 , 2 6 . 4 9 , 4 1 . 0 2 , 3 9 . 3 9 , 3 7 . 4 1 , 3 6 . 1 3 , 3 6 . 1 3 , 3 4 . 8 4 , 3 3 . 1 0 ,  
C 3 2 . 0 5 , 3 3 . 4 7 , 3 2 . 3 5 , 3 0 . 7 3 , 2 9 . 8 3 , 4 5 . 6 4 , 4 3 . 7 7 , 4 1 . 5 0 , 4 0 . 0 9 , 4 0 . 3 1 , 3 8 . 8 3 ,  
0 3 6 . 8 5 , 3 5 . 6 5 , 3 7 . 4 6 , 3 6 . 1 7 , 3 4 . 3 8 , 3 3 . 2 9 , 3 3 . 2 7 , 3 2 . 5 3 , 3 1 . 8 3 , 3 1 . 4 0 , 2 8 . 9 9 ,  
£ 2 8 . 4 5 , 2 7 . 7 2 , 2 7 . 3 3 , 2 6 . 6 0 , 2  6 . 1 4 , 2 5 . 4 5 , 2 5 . 0 9 , 3 7 . 6 1 , 3 6 . 8 0 , 3 5 . 9 4 , 3 5 . 4 2 ,  
F 3 2 . 9 3 , 3 2 . 3 0 , 3 1 . 4 5 , 3 0 . 9 9 , 3 0 . 3 4 , 2 9 . 8 1 , 2 9 . 0 1 , 2 8 . 5 8 , 4 2 . 1 2 , 4 1 . 1 9 , 4 0 . IS, 
0 3 9 . 5 7 , 3 7 . 0 1 , 3 6 . 2 9 , 3 5 . 3 1 , 3 4 . 7 6 , 3 4 . 2 3 , 3 3 . 6 1 , 3 2 . 6 9 , 3 2 . 1 8 , 4 6 . 9 0 , 4 5 . 8 2 ,  
H 4 4 . 6 4 , 4 3 . 9 2 , 4 1 . 3 2 , 4 0 . 4 8 , 3 9 . 3 4 , 3 8 . 7 0 , 3 8 . 3 2 , 3 7 . 6 0 , 3 6 . 5 3 , 3 5 . 9 3 , 3 3 . 6 5 ,  
J 3 3 . 2 4 , 3 2 . 8 8 , 3 2 . 7 3 , 2 9 . 3 0 , 2 8 . 9 7 , 2 8 . 5 5 , 2 8 . 3 9 , 2 6 . 8 6 , 2 6 . 5 9 , 2 6 . 1 7 , 2 6 . 0 0 ,  
K 3 8 . 0 4 , 3 7 . 5 6 , 3 7 . 1 3 , 3 6 . 9 3 , 3 3 . 2 7 , 3 2 . 8 9 , 3 2 . 4 0 , 3 2 . 1 9 , 3 0 . 6 4 , 3 0 . 3 2 , 2 9 . 8 3 ,  
L 2 9 . 6 1 , 4 2 . 6 2 , 4 2 . 0 5 , 4 1 . 5 3 , 4 1 . 2 3 , 3 7 . 4 1 , 3 6 . 9 6 , 3 6 . 3 7 , 3 6 . 1 2 , 3 4 . 5 7 , 3 4 . 1 9 ,  
M 3 3 . 6 1 , 3 3 . 3 4 , 4 7 . 4 6 , 4 6 . 8 0 , 4 6 . 1 7 , 4 5 . 8 6 , 4 1 . 7 7 , 4 1 . 2 4 , 4 0 . 5 5 , 4 0 . 2 3 , 3 8 . 7 1 ,  
N 38 . 2 6 , 3 7 . 5 8 , 5 7 . 2 5 , 3 3  . 8 7 , 3 3 . 6 1  ,33.50, 3 3 . 5 2 , 2 9 . 4 7 , 2 9 . 2 7 , 2 9 . 0 4 ,  2 9.03, 
P 2 7 . r 1 , 2 6 . 8 5 , 2 6 . 5 9 , 2 6 . 5 5 , 3 8 . 2 9 , 3 7 . 9 9 , 3 7 . 8 3 , 3 7 . 8 4 , 3 3 . 4 7 , 3 3 . 2 3 , 3 2 . 9 5 ,  
0 3 2 . 9 1 . 3 0 . 8 1 , 3 0 . 6 1 , 3 0 . 3 0 , 3 0 . 2 3 , 4 2 . 9 0 , 4 2 . 5 4 , 4 2 . 3 3 , 4 2 . 3 2 , 3 7 . 6 3 , 3 7 . 3 4 .  
R 3 7 . 0 0 , 3 6 . 9 3 , 3 4 . 7 7 , 3 4 . 5 3 , 3 4 . 1 5 , 3 4 . 0 4 , 4 7 . 7 9 , 4 7 . 3 6 , 4 7 . 0 9 , 4 7 . 0 4 , 4 2 . 0 2 ,  
S 4 1 . 68,41 .26,41 . 1 5 , 3 8 . 9 3 , 3 3 . 6 4 , 3 8 . 1 9 , 3 8 . 0 4 /
END
ïKï'=f ( xEC, R T  , 3R, GE) f o r  e n g i n e  s p e e d  1500
B L O C K  D A T A  '
c o m m o n / L 6 / A R 6 ( 4 , 3 , 4 )  '
DATA A R 6 / 1 1 5 . 5 , 1 4 9 . 7 , 2 0 6 . 4 , 2 5 1 . 7 , 7 2 . 6 0 , 9 5 . 5 9 , 1 3 6 . 4 , 1  68 .9, 5 1 . 1 1 ,  <
A 6 8 . 3 6 , 1 0 0 . 1 , 1 2 5 . 5 , 1 1 9 . 0 , 1 5 7 . 3 , 2 2 1 . 4 , 2 7 3 . 9 , 7 4 . 9 4 , 1 0 0 . 7 , 1 4 7 . 0 , 1 8 4 . 8 ,
6 5 2 . 8 6 . 7 2 . 2 0 . 1 0 3 . 2 . 1 3 7 . 3 . 1 2 0 . 6 . 1 6 0 . 5 . 2 2 8 . 5 . 2 8 4 . 6 . 7 5 . 9 8 . 1 0 3 . 0 . 1 5 2 . 1 ,  
0 1 9 2 . 5 , 5 3 . 6 4 , 7 3 . 9 6 , 1 1 2 . 1 , 1 4 3 . 8 , 1 2 1 . 5 , 1 6 2 . 4 , 2 3 2 . 7 , 2 9 0 . 9 , 7 6 . 5 7 , 1 0 4 . 4 ,
0 1 5 5 . 0 . 1 9 7 . 0 . 5 4 . 0 9 . 7 4 . 9 7 . 1 1 4 . 4 . 1 4 7 . 4 /
END
EP=f(liG, RT, GE) f o r  e n g i n e  s p e e d  150 0  
b l o c k  DATA
C O M M O F / L i 6 / v K C  (4 ) , VRT (3) , VSR (4 ) , y C E (4) , V C N F (5)
DATA V R C / I . 5 , 2 . 0 , 3 . 0 , 4 . 0 / ,
A V P T / 2 C .  0 , 30 . 0 , 40. 0/,
BVSR/1 .2,1 .4,1 .6,1 .8/,
C V C E / 0 . 3 , 0 . 5 , 0 . 7 , 0 . 9 / ,
4 V C N F / 4 0 . 0 , 6 0 . 0 , 8 0 . 0 , 1 0 0 . 0 , 1 2 0 . 0 /
E N' D
Array axes for engine speed 1500
T R A N  I V A 1 Ç  S O U R C E  P R O G R A M  C O M P  S U B R O U T I N E  2 1 / 0 5 / 7 1  P A G E
A1 .61
1 S U B R O U T I N E  C O M P ( R C , C S , C N F , E N F , T M , T C , C P , C E )
2 COMMON T A , PA
3 C 0 M M 0 N / L 5 / A R 8 ( 4 , 7 ) , A R 9 ( A , 7 ) , V C S ( 7 ) , V R C ( 4 )
4 CALL I N T X T 2 ( R C , C S , C N F , V R C , V C S , A R % , 4 , 7 , 4 , 7 )
5 CALL I N T X T 2 ( R C , C S , C L , V R C , V C S , A P 9 , 4 , 7 , 4 , 7 )
6 T M C 1 = T A________________________________________________ ___ ___
7 ■ 50 G G = ( G ( 0 , T M C 1 ) - 1 ) / G ( 0 , T M C 1 )
8 T M C = T A + ( ( T A * R C * * G G - T A ) / C E ) / 2
9 GG=(G (0, T M O - 1  ) / G(0,TMC)
10 T M C l = T A + ( ( T A * R C + * G G - T A ) / C E ) / 2
11 I F ( A E S ( T M C 1 - T M C ) . G T . 1 0 )  GO TO 50
12 T C = T A + 2 * ( T M C - T A )  eq 101
13 T M = T C - 0 . 8 + ( T C - 6 2 C . 0 )  ea 102
14 E N F = C N F * S O R T ( T u ) / R C / S O P T ( T A )
15 C P = ( C N F * P A * C P G ( 0 , T M C ) + S U P T ( T A ) * ( R C + * G G - 1 ) ) / C T / 4 2 . 4 2  ©q 103
16 I F (Cr.GE.0.‘0 ) G G T O 4 C
17 CP=0.0
18 40 CON T I N U E
19 RETURN
2 0 END
1 S U B R O U T I N E  C L C C U P ( C S , C N F A , C N F B , M S L , C N F , R C , E N F , T M , T C , C P , C E )
2 COUrOM T/,f'A
3 COM'-OU / L - / AR; c 1 N , V) , AR9( 14 , 9) , VMF (1 4 ) . VCS (9) , vS L (9)
4 I F ( I’S L .-r . 1 ) (U; TO 1';
5 CALL P  I/ T 1 ( C b , C i F S  V C 5 ,V SI ,9 )
6 1 =0
7 CNF = C:.FA
8 C N F C = C M F A + 4 0 . n
9 30 1=1+1
10 CALL I N I X T 2 ( L N F , C S , R C , V M F , V C S , A R ? , 1 4 , 9 , 1 4 , 9 )
11 p A = R c -1 .: 5 f i n d i n g  s u r g e  l i n e
12 I F ( A ?. S ( P A ) . L T . ■ -. ) 1 ) G 0 1C 4Ü a n d  cholcin^
13 CALL S O L f 3 4 , S O , C N F , S C , S O , D A , C N F C , I )
14 GO T9 31}
1 5 4 0 CNFB=C,,F
16 CMF = rrlFA •- -
17 GO TO 20 .
18 10 C O N T I N U E
19 _ C A L L  I r.« 1 2 ( C .. F . C S . i. C , V 2 f , V C 5 , 7 K " , 1 4 , 9 , 1 4 , 9 )
20 C A I L I NI >. T 2 ( C -, F , C S , C r , V:• r , v' C S , A R9 , 1 4 , 9 , 1 4 , 9 )
21 T M C 1 =TA
22 50 GG= (G (0 , T,!C 1 )-1 )/G ( 0 , TUC1 )
23 T M C = T A +  ( ( I.. + RC+ +GG-TA) /CE) /2
24 G G = ( G ( C , T M C ) - 1 ) /  G(0,T''C)
2 5 T M Cl = T A + C ( T M + :i C * * G G - I A ) / C t ) / 2
2 6 I F ( A-BS C T ' C 1-T.-C) . G T . 1 0 ) G-O TO  5 0
27 T C = r A + 2 * ( T ' C - T . )  e 101
2* T"='C eq 102
29 ENF = CNF*LG?T(T: ) / R C / 3 . - 1 ( T A )
3 0 C P = ( C j F * r A » C P 3 ( : , T i c ) + S u P T ( l A ) * ( P C  + * G G - 1 ) ) / C E / 4 2 . 4 2  4 .-.y,
31 20 CONTI..UE
32 RET Ü uN
33 E .N D
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c o m p r e s s o r  m a c s  f l o w  a r r a ^
c o m p r e s s o r  e f f i c i e n c y  a r r a y
c o m p r e s s o r  e f f i c i e n c y
n - d  m a s s  f l o w
do
do
t o l e  £ n e e
p o w e r
s p e e d
e r r o r  terra
e x i t  n - d  m a s s  f l o w
G - 1 / 0
c o u n t e r
s u r g e  l i n e  r o u t i n e  c o u n t e r  
a m b i e n t  p r e s s u r e  
b o o s t  r a t i o  




a m b i e n t  t e m p e r a t u r e
c o m p r e s s o r  d e l i v e r y  t e m p e r a t u r e
m a n i f o l d  t e m p e r a t u r e
m e a n  c o m p r e s s i o n  t e m p e r a t u r e
do
s p e e d  v e c t o r  
m a s s  f l o w  v e c t o r  
s u r g e  l i n e  v e c t o r
Compressor arrays AI.63
1 _  6 L 0 C K _ C A T A _  __________  ___ _______  ____
2 C Ü H M O M / L b /A h 8 (1H , 9 ) , A H 9 ( 1 4 , 9 ) ,V M F ( 1 4 ) ,V C S ( 9 ) ,VSL(9)
3 DATA A r 8 / 2 * 1 .11 , 1 . V-3, 1 . r /,10*1.9,
4 A3*1 .23 , 1 .225 , 1 .21 , 1 . 1 7 , 1 . 1 ,7*1.0, '
5 ' 34*1 .39, 1 .3.,i5,l ,G o , 1 .3,1 .2,6*1 , C ,
6 C 5 * 1 . 5 9 , 1 . 5 8 , 1 . 5 5 , 1 . 4 9 , 1 . 3  5,5*1.0,
7 0 7 * 1 . 8 2 , 1 . 8 1 , 1 . 7  4 , 1 . 5 3 , 4 * 1 . 0 ,
8 E 8 * 2 . 1 4 , 2 . 1 3 , 2 . 0 , , 1 . 9 3 , 3 * 1 .0 ,
9 F 9 * 2 . 5 , 2 . 4 9 , 2 . 4 4 , 2 . 2 3 , 2 * 1 . 0 ,
10 0 1 0 * 2 . 8 9 , 2 . 3 7 , 2 . 3 1 , 2 . 7 1 , 1 . 0 ,
11 Hi 1 * 3 . 2 3 , 3 . 2 5 , 3 . 2 , 1 . 0 /
12 CAT A a n 9 / C . 01 ,I . 5 6 , 0 . 6 , 0 . 5 9 , 1 0 * 0 . 0 1  ,
13 A 2 * 0 . 2 1 . 0 . 6 . 0 . b 5 , ^  , 0 5 , 0 . 5 7 5 , 8 * ^. •. 01 ,
14 0 3 * 0 . 9 1 , 0 . 6 3 , 0 . 7 , 0 . 6 7 5 , 0 . 6 , 7 * 0 . 0 1 ,
15 C4*0.:i ,0.65.::.7,C. 7, J . c 3 , 6 * 0 . 0 1  ,
16 0 5 * 0 . 6 1 , 0 . 6 5 , 0 . 7 , 0 . 7 , 9 . 6 7 , 0 . 5  75,4*0.01,
17 L 6*0,0 1 ,0 . O 7 5 ,0. 7 ,0.64,0 . 6 , 3 * 0 . 0 1 ,
18 F 8 * 0 . 9 1 , 0 . 6 6 . 0 . 6 8 , 0 . 6 7 5 , 0 . 6 2 , 2 * 0 . 6 1 ,
19 G 9 * G . 0 1 , 0 . 6 2 5 , 0 . ^ 5 , P . 6 5 5 , 6 . 6 1 , 2 . 0 1 ,
20 HI 0*0. Cl ,0.61 , 0 .62,6.5 2,0.0/.
21 I V M F / 0 . 0 , 5 . 0 3 , 1 1 . 6 5 , 1 7 . 7 3 , 2 3 . 7 , 2 9 . 0 , 3 5 . 5 5 , 4 1 . 5 , 4 7 . 4 , 5 3 . 3 , 5 9 . 3 ,
22 J 6 5 . 2 . 7 1 .■,77.0/,
23 K V C S / 3 0 n O O . ^ , 4 'GOA.0 , 5 0 0 0 0 . 0 , 4 0 0 0 0 , 0 , 7 0 0 0 6 . 0 , 8 0 0 0 0 . 0 , 9 0 9 0 0 . 0 ,
24 L1O0OÜO. J,1 K> C l :.C/,
2 5 M V S L / 4 . 7 4 , ^ . 5 , 1 ^ . 3  A, 22 . 55 , 3 0 . 8 , 3 8 . 2 , 4 4 .  2 , 52 . 3 , 5 7 . 1 /
26 END
H o l s e t  p L h  c o m p r e s s o r
B L O C K DATA
C 0 M M 0 N/Lo / A P  s(19, 10) , AR9 ( 1 9 ,10) ,V R C ( 1 9 ) , VC S(1C)
DAT A A H o / 0 . 4 , 1 8 * 0 . 0.0, 6 5 , 0 . 4,17 * 0 . 0 , 0 . 8 5 , 0 .8,0.65,1 6*0.0,
A 1 . 0 1 ,1.r% 0 .98,9.9, 15*0.0,1. 28,1 . 2 75,1.27,1 .2 6 5,1.25 ,1 .2,1 ,0 ,
B12*9. 0 , 3 * 1 . 4 5 , 1 . 4 4 5 , 1 .44,1. 4 3 S 1 . 4 2 , 1 . 3 5 , 1 .1,1 0 * 0 . 0 , 1 .64 5 , 1 . 64 5 ,
C l . 64, 1 . u 4 , 1.v3 5 ,1. (-.3 ,1.63,1 .625 , 1 . 6 1 , 1 . 5  7, 1 .-,5,0*0. 0 , 8 * 1 . 8 3 ,1.82.
D 1 .81, 1 . 8 , 1 . 7 % , 1 . 7 3 ,1 . 57,5*0 .0,9 * 1 . 9 4 , 1 , 9 3 , 1.92,1.91 , 1.89, 1 ■%6,
E l . 8,1 . 6 , 3 * 0 . 9 , 1 3 * 2 .1,1.99,1 .975 ,1.95,1.^,1 .8,0.0/
DATA A R 9 / . 5 5 , . 4 , 1 7 *0.1,.5,. 7, .7 5 , 1 6 * 0 . 1 , . 2 , . 4 , . 7 5 ,. 78,15*0: 1 ,
A . 2,.3 , . 5 , . 7 , . 8 1 , 1 4 *o.i,.i,. 1 , .7 ,.5,.r),.7,« 81,.82,11 *0.1,
3.1,.2 , . 5 , . 4 6 , « 5 5 , « 6,.7,.77, . 8 2 5 , .3 3 ,9 * 0 . 1 , .2 ,  .3, .4, . 4 7 , . 5 2 , .56,
C.58, .63, .6'^, .76, ,8 1 5 , . 4 5 , 7 * 0 . 1 , .2 ,  .3, . *,.5 , .52,.54, -56,.58, • Ô #
D.65, . 6 9 ,  . 73 ,. 78,.8 1 , . 8 1 , 4 * 0 .1 , . 3 , . 4 , . 5 , .51 ,.52,.53, . 5 5 , . 5 7 , . 5 9 ,
E.6. .44, .07. .71 , .75 , . 7 8 , . 8 0 5 , .<8 5 , f *!j. 1 , . N , . 5,.5 1,.52 , . 5 3 , . 5 4 ,.55,
F . 5 7 , .59, ,6, .u 2, ,64 ,.65,.68, . 72, .74,.7 7,.79 , , 8 5 / ,
G V A C / 1 . 0 , 1 . 2 5 , 1 . 5 , 1 . 74, 2 . 0,2 . 2 5 , 2 . 5 , 2 . 7 5 , 3 . 0 , 3 . 2 5 ,  3 . 5,_3 .7 5__, 4 «Ü,
H4.25, 4 , s , 4 , 7 5 , 5 . <}, 5 . 2 5 , 5 . 5 /
I V C S / 1 0 0 n 0 . 1 , 1 5 9 0 9 .0 , 2 6 0 0 0 . G 0 0 . 0 , 3 0 0 0 0 . 0 , 3 3 0 0 0 . 0 , 36000.0 t
J 3 9 0 0 0 . 0 , 41 009.0, 4 3 ÜCO.Ü/
E f; D
A r m s t r o n g  S i d d e l a y  t w o - s t a g e  c o m p r e s s o r  "--------   ' -
1 BLOCK DATA
2 C 0 M M 0 N / L 8 / A R 8 ( 4 , 7 ) , A R 9 ( 4 , 7 ) , V C S ( 7 ) , V R C ( 4 )
3 DATA A R 8 / 3 4 . 0 , 2 3 . 0 , 1 8 . 0 , 8 . 0 , 4 8 . 4 , 4 4 . 0 , 3 2 . 4 , 2 2 . 0 , 7 2 . 0 , 6 8 . 0 , 6 0 . 0 ,
4 A 5 2 . 0 , 1 2 3 . 0 , 1 1 9 . 2 , 1 1 2 . 4 , 1 0 6 . 0 , 1 7 0 . 0 , 1 6 6 . 0 . 1 7 9 , 6 , 1 5 2 . 0 , 2 1 6 . 3 , 2 1 4 , 0 ,
5 B 2 0 7.2,20 0 . 0 , 2 6 4 . 8 , 2 6 1 . 2 , 2 5 3 . 6 , 2 4 6 . 4 / , A « 9 / 0 . 6 , 0 . 5 6 , 0 . 2 8 , 0 . 0 , 0 . 6 2 ,
6 C O . 6 2 , 0 . 4 , 0 . 0 , 0 . 6 3 , 0 . 6 7 , 0 . 5 6 , 0 . 4 0 , 0 . 6 7 , 0 . 7 2 , 0 . 7 0 , 0 . 5 6 , 0 . 6 8 , 0 . 7 4 ,
7 D O . 7 4 5 , 0 . 6 6 , 0 . 6 6 . 0 . 7 5 , 0 . 7 6 , 0 . 7 1 , 0 . 6 4 , 0 . 7 3 , 0 . 7 7 , 0 . 7 4 /,
8 E V C S / 5 0 0 0 . 0 , 6 0 0 0 . 0 , 8 0 0 0 , 0 , 1 2 0 0 0 . 0 , 1 6 0 0 0 . 0 , 2 0 0 0 0 . 0 , 2 4 0 0 0 . 0 / ,
9 F V R C / 1 . 5 , 2 . 0 , 3 . 0 , 4 , 0 /
1 0 f N D
CMk=f(HC,C3)
CH=f(HC,C3)
Lysho.lm c o m p r e s s o r  a r r a y s
N D 0 2 , R E P L A C E , U , F   ....  — ' ----- - - --  --- -r
Al.64
BLOCK DATA
C O M M O N / L 8 / A R 8 ( 1 1 , 9 ) , A P 9 ( 1 1 , 9 ) , V M F ( 1 1 ) . V C S ( 9 ) , V S L (9)
m- - DATA A R 3 / A * 1 . 2 1 , 1 - 1 9 5 , 1 . 1 6 5 , 1 . 1 1 , 4 * 1 . 0 ,  ----
A 5 * 1 . 3 8 5 , 1 . 3 7 , 1 . 3 4 , 1 . 2 7 , 1 . 1 3 , 2 * 1 . 0 ,
84*1 . 5 , 1 . 505 , 1 . 5, 1 .47, 1 .41 5 , 1 .3 , 2*1 .0 ,
C5*1 .65 , 1 .64 . 1 . 62,1 . 53, 1 .48 , 2*1 . 0 ,
D5*1 . 785 , 1 . 79, 1 .79. 1 . 76, 1 .63, 1 .47. 1 .0, .. - f
5 6 * 1 . 9 8 5 , 1 . 9 9 , 1 . 9 7 , 1 . 9 , 1 . 7 2 , 1 . 0 ,
F7*2. 18, 2. 17, 2. 13,1. 99, 1.0, - -
0 8 * 2 . 3 4  . 2.32 . 2. 22,1 . 0, - .......
H8*2. 51 , 2 .49, 2.44 , 1 ,0/
DATA A R 9 / 0 . 5 , 0 . 6 , 0 . 6 6 , 0 . 7 2 , 0 . 6 9 , 0 . 6 2 , 0 . 5 4 , 4 * 0 . 0 .
A O . 5 , 0 . 6 1 , 0 . 6 3 , 0 . 7 , 0 . 7 2 , 0 . 7 1 , 0 . 6 7 , 0 . 5 6 , 0 . 4 , 2 * 0 . 0 ,
8 0 . 5 , 0 . 6 . 0 . 6 5 , 0 . 6 9 , 0 . 7 2 , 0 . 7 2 , 0 . 7 , 0 . 6 4 , 0 . 5 , 2 * 0 . 0 ,
C O . 45, 0 - 5 8 , 0 . 6 4  ,0.68,0. 7 1 . 0 . 7 2 , 0 . 7 2 , 0 . 6 9 , 0 . 5 8 , 0 , 3 , 0 . 0 ,
D O . 4 5 , 0 . 5  2 , 0 . 6 1 , 0 . 6 6 , 0 . 6 9 , 0 . 7 2 . 0 . 7 2 , 0 . 7 1 , 0 . 6 6 , 0 . 5 , 0 . 0 ,
E O . 3 5 , 0 . 4 5 . 0 . 5 4 , 0 . 6 2 , 0 . 6 6 , 0 . 7 , 0 . 7 2 , 0 . 7 2 , G . 6 9 , 0 . 6 , 0 . 0 ,
F O . 2 8 , G . 3 5 , 0 . 4 5 , 0 . 5 , 0 . 6 , 0 . 6 5 , 0 . 7 , 0 . 7 2 , 0 . 7 , 0 . 6 5 , 0 . 0 ,
G O . 2 , 0 . 2 5 , 0 . 3 2 , 0 . 4 , 0 . 4 5 , 0 . 5 4 , 0 . 6 2 , 0 . 6 8 , 0 . 6 8 , 0 . 6 5 , 0 . 0 ,
H O . 2 , 0 . 2 , 0 . 2 , 0 . 2 5  , 0 . 3 , 0 . 3 5 , 0 . 4 , 0 . 4 5 , 0 . 5 , 0 .  55,0.0/,
J V M F / 0 . 0 , 9 . 3 , 1 8 . 6 , 2 7 . 9 , 3 7 . 2 , 4 6 . 5 ,  55.8 , 6 5 . 1  , 74.4, 83 . 7,93.0/,
KVCS/3 0 000.0, 4 0 0 0 0 . 0 , 4 5 0 0 0 . ü,500(y 0 . 0 , 5 5 0 0 0 . 0 , 6 0 0 0 0 . 0 , 6 5 0 0 0 . 0 ,  
L 7 0 0 0 0 . 0 , 75000.0/,
M V S L / 1 8 . 6 , 2 6 . 0 , 3 0 . 7 , 3 5 . 3 , 4 1 . 4 , 4 8 . 8 , 5 5 . 8 , 6 2 . 2 , 6 8 . 0 /
 ^ ^ G A V  t y p e  300 c o m p r e s s o r
BLOCK DATA
C O M M O N / L 8 / A P 8 ( 1 2 , 1 0 ) , A R 9 ( 1 2 , 1 0 ) , V M F ( 1 2 ) , V C S ( 1 0 ) , V S L ( 1 0 )
DATA A R B / 1 . 1 6 , 1 . 1 7 5 , 1 . 1 9 , 1 . 1 8 5 , 1 . 1 6 5 , 1 . 1 1 ,  6*1.0,
A l . 2 6 , 1 .2 7 ; 1 . 2 8 , 1 . 2 8 5 , 1 . 2 8 , 1 . 2 6 , 1 . 2 , 1 . 1 , 4 * 1 . 0 ,
8 1 . 4 2 , 1 . 4 2 7 , 1 . 4 3 , 1 . 4 3 5 , 1 . 4 3 , 1 . 4 1 5 , 1 . 3 7 , 1 . 2 7 , 1 . 1 3 , 3 * 1 . 0 ,
C l . 4 9 , 1 . 5 0 5 , 1 . 5 2 , 1 . 5 2 5 , 1 . 5 2 7 , 1 . 5 2 , 1 . 4 9 5 , 1 . 4 3 , 1 . 2 9 , 1 . 1 5 , 2 * 1 . 0 ,  
0 1 . 5 5 , 1 . 5 6 5 , 1 . 5 8 , 1 . 6 , 1 . 6 1 , 1 . 6 1 5 , 1 . 6 , 1 . 5 5 , 1 . 4 6 , 1 . 2 3 5 , 2 * 1 . 0 ,
El. 6 6 , 1 . 6 7 5 , 1 . 6 9 , 1 . 7 , 1 . 7 0 5 , 1 . 7 1 , 1 . 7 0 5 , 1 . 6 8 , 1 , 6 1 , 1 . 4 , 2 * 1 . 0 ,
F I . 7 8 , 1 . 7 9 , 1 . 8 , 1 . 8 1 , 1 . 8 1 3 , 1 . 8 1 6 , 1 . 8 1 , 1 . 8 , 1 . 7 5 , 1 . 6 , 1 . 1 5 ,1.0,
61. 8 3 5 , 1 . 8 6 , 1 . 8 8 , 1 . 9 0 5 , 1 . 9 2 5 , 1 . 9 4 , 1 . 9 5 5 , 1 . 9 5 , 1 . 9 2 , 1 . 7 7 5 , 1 . 2 , 1 . 0 ,  
N I . 9 1 , 1 . 9 6 , 2 . 0 , 2 . 0 4 , 2 . 0 7 5 , 2 . 1 , 2 . 1 1 , 2 . 1 0 5 , 2 . 0 5 , 1 . 9 3  ,1.55,1.0,
12.0, 2. 065 , 2.1 2, 2.1 65 , 2.2, 2.23 , 2.25 , 2.24, 2.21 , 2.1 25,1 ,9,1 .0/
DATA A R 9 / . 5 0 0 , . 6 1 , . 7 1 , . 7 7 , . 6 7 , . 5  7 , 6 *0.001,
A . 0 0 1 , . 6 2 , . 7 4 , . 7 8 5 , . 7 8 , . 7 0 , . 5 8 , . 4  5 , 4 * 0 . 0 0 1 /
B . 0 0 1 , . 6 0 , . 7 0 , . 7 9 5 , , 8 0 , . 7 8 , . 7 1 , . 5 5 , . 4 0 , 3 * 0 . 0 0 1 ,
C 2 * 0 . 0 0 1 , . 6 9 , . 7 5 , . 7 9 , . 8 0 , . 7 6 , . 6 7 , . 5 0 , . 3 5 , 2 * 0 . 0 0 1 ,
D 2 * 0 . 0 0 1 , . 6 5 , . 7 4 , . 7 8 , . 8 0 , . 7 8 , . 7 2 5 , . 6 2 , . 4 0 , 2 * 0 . 0 0 1 ,
E 2 * 0 . 0 0 1 , . 6 5 , . 7 1 , . 7 6 , . 7 8 , . 7 8 , . 7 6 , . 6 9 , . 5 0 , . 3 0 , . 0 0 1 ,
F 2 * 0 . 0 0 1 , . 6 0 , , 6 9 , . 7 4 , . 7 7 , . 7 8 ,  . 7 7 , . 7 3 , . 6 2 , . 3 0 , . 0 0 1 ,
6 3 * 0 . 0 0 1 , . 6 6 , . 7 2 , . 7 5 , . 7 8 , . 7 8 , . 7 5 , . 6 9 , . 3 0 , , 0 0 1 ,
H 3 * 0 . 0 0 1 , 0 . 6 , 0 . 6 5 , 0 . 7 , 0 . 7 5 , 0 . 7 5 , 0 . 6 5 , 0 . 5 5 , 0 . 3 , 0 , 0 0 1 ,
14*0.001 , 0 . 5 5 , 0 . 6 , 0 . 6 5 , 0 . 6 5 , 0 . 6 , 0 . 5 , 0 . 3 , 0 . 0 0 1  /,
I V M F / 0 . 0 , 1 6 . 3 , 3 2 . 6 , 4 8 . 9 , 6 5 . 2 , 8 1 . 5 , 9 7 . 3 , 1 1 4 . 1 , 1 3 0 . 4 , 1 4 6 . 7 , 1 6 5 . 0 ,
J 170.0/,
K V C S / 2 G 0 0 0 . 0 , 2 5 0 0 0 . 0 , 3 0 0 0 0 . 0 , 3 2 5 0 0 . 0 , 3 5 0 0 0 . 0 , 3 7 5 0 0 . 0 , 4 0 0 0 0 . 0 ,  
L42500 .0, 45000.0, 4 7 5 00.0/,
M V S L / 4 . 0 , 9 . 0 , 1 7 . 0 , 2 2 . 0 , 2 5 . 0 , 3 1  . 0 , 3 6 . 0 , 4 0 . 0 ,  5 0 . 0 , 5 8 . 0 /
END
CAy t?/T)e 2 A coni'oressor
TRAN IVA19 SOURCE P R O G R A M  TURB S U B R O U T I N E 18/05/71 PA 
A1 .6'
1 S U B R O U T I N E  T U R B ( S , P R 1 , A , T 1 , F , F L N , T 0 R P F , H P F , EF , SND ,TSL)
2 COM M O N  T A , PA
3 02=0.25
4 0 3 = 0 , 1 5 4
5 8 3 = 0 . 4 3 6
6 8 8 2 = 0 . 0 3
7 8 8 3 = 0 . 0 5 7 1
8 FF=0 . 7 6
9 TLOSS = 0.0 - - ---
10 T S L = 1 2 0 0 0 0 . 0
11 I F C T L O S S . l t .0) TLOSS = 0
12 T O L = 2 . 0
13 I F ( A . L E . 0 . 0 . O R . A . G E . 1 8 0 . 0 )  GO TO 210
14 A 2 = 3 . 1 4 1 5 9 2 + A / 1 80.0
15 G= G A ( F , T 1 )
16 CP = CPG(F,T1 )
17 R = 7 7 8 . 0 * ( C P - C P / G )
18 I F C P R 1 . L T . 1 .005) GO TO 210
19 1=0
20 P R 2 = 1 .005
21 A 2 4 = A 2
22 G 1 = ( G - 1 ) / G
23 PRC = ((G + 1 ) / 2 ) * * ( 1 / G 1  ) eq 59
24 U 2 = 3 . 1 4 1 5 9 * 5 * 0 2 / 6 0
25 80 1=1*1
26 IFC P R 2 . L T . 1  .0) GO TO 210
27 I F ( I . G T . 3 0 )  GO TO 210
28 I F C P R 2 . G T . P R C )  GO TO 90
29 A2= A 2 4
30 T 2 = T 1 / P R 2 * + G 1 eq 61
31 C2 = S Q R T ( G * R * 3 2 . 2 * T 2 * 2 * ( P R 2 * * G 1 - 1 ) / ( G - D ) eq 60
32 GO TO 100
33 90 T 2 1 = T 1 / P R C * * G 1  n o a s l e  c h o k i n "
34 C 2 1 = S Q R T ( G * R * 3 2 . 2 * T 2 1  )
35 P 2 1 = P R 1 * P A * 1 4 4 . 0/PRC
36 P 2 = P R 1 * P A * 1 4 4 . 0 / P R 2
37 A 2 S = S I N ( A 2  4 ) / ( ( G * 1 ) / 2 ) * * ( ( G + 1 ) / 2 / ( G - 1 ) ) / S 0 R T ( 2 / ( G - 1 ) ) * P R 2 * * ( 1 / G )
38 1 / S Q R T ( 1 - 1 / P R 2 * * G 1 ) eq 74
39 A 2 = A T A N ( A 2 S / 5 Q R T ( 1 - A 2 S * * 2 ) )
40 IF ( A 2 4 . L T ,  1 . 570 /9) GO TO 250
41 A 2 = 3 . 1 4 1 5 9 2 - A 2
42 250 CO N T I N U E
43 T 2 = T 1 / P R 2 * * G 1
44 C 2 = C 2 1 * P 2 1 * T 2 * S I N ( A 2 4 ) / T 2 1 / P 2 / A 2 S
45 100 Q A = ( ( C 2 * S I N ( A 2 ) / T 2 ) * * 2 ) / ( 6 4 , 4 * 7 7 8 *CP)
46 08 = 1 . 0
47 Q C = ( - T 2 - ( C 2 * * 2 - U 2 * * 2 ) / ( 6 4 , 4 * 7  7 8 * C P ) * U 2 * ( C 2 * C 0 S ( A 2 ) I-U2)
48 1 / ( 3 2 . 2 * 7 7 8 * C P )  )
49 T T 2 = ( - Q 8 * S Q R T ( Q B * * 2 - 4 * Q A * Q C ) ) / 2 / 0 A eq 63
50 W W 2 = C 2 * S I M ( A 2 ) * T T 2 / T 2 eq 64
T R A N  I V A 1 9  S O U R C E  P R O G R A M  T U R B  S U B R O U T I N E  1 8 / 0 5 / 7 1  P A G (
A1 • 66
51 _ U3 = 3 . U 1 5 9 2 * S * D 3 / 6 0 . _ .  _ - _ _  _____
52 P R 3 = P R 1 / P R 2
53 150 W 3 D = W W 2 * * 2 + U 3 * * 2 - U 2 * * 2 + 6 4 . 4 * 7 7 8 * C P * T T 2 * ( 1 - ( 1 / P R 3 * * G 1 ))
54 I F ( W 3 D . G T . O )  GO TO 110
55 P R 2 = 1 + ( P R 2 ~ 1 ) + 0 . 9 5  /
56 I F ( P R 2 . G T . 1 .005) GO TO 120
57 210 S N 0 = S / S Q R T ( T 1 )  s o l u t i o n  i m p o s s i b l e
58 T 0 R P F = 0 , C
59 EF = 0.0___________________ ____
60 FLN=0.0
61 H P F = 0 . 0
62 GO TO 40
63 120 1=1-1
64 GO TO 80
65 110 W 3 = S Q R T ( W w 2 * * 2 + U 3 * * 2 - U 2 * * 2 + 6 4 . 4 * 7 7 8 * C P * T T 2 * ( 1 - 1 / P R 3 * * G 1 ) )  ^
66 R C 1 = W 3 / S 0 R T ( G * R * 3 2 , 2 * T T 2 / P R 3 * * G 1  ) e q  75
67 I F ( R C 1 . L E . 1 .005 ) GO TO 140
68 P R 3 = ( T T 2 * 3 2 . 2 * ( G * R + 2 * 7 7 8 * C P ) / ( W W 2 * * 2 + 2 * 3 2 . 2 * 7 7 8 * C P + T T 2 + U 3 * * 2
69 1 - U 2 * * 2 ) ) * * ( 1 / G 1 )
70 GO TO 150
71 140 Z = C 2 * S I N ( A 2 ) * T T 2 / T 2 - W 3 * S I N ( B 3 ) * S Q R T ( 0 3 * * 2 - 8 6 3 * * 2 ) * B B 3 / P R 3 * * ( 1 / G )
72 1 / D 2 / B 8 2  ea 68
73 IF(ABS(Z) .LE.TOL) GO TO 160
74 CALL S 0 L ( S T 1 , S T 2 , P R 2 , S T 3 , S T 4 , Z , P R 1 , I )
75 GO TO 80
76 160 F L = C 2 * B 6 2 * S I N ( A 2 ) * 3 . 1 4 1 5 9 * 0 2 * P R 1 / P R 2 * P A * 1 4 4 , 0 / R / T 2
77 T 0 R 1 = ( C 2 * C 0 S ( A 2 ) - U 2 ) * D 2 * F L / 6 4 . 4  eq 69
78 C3 = SQRT(V«3**2 + U 3 * * 2 - 2 * w 3 * u 3 * C O S ( B 5 ) )
79 A3S = W 3 * S I N (83 ) / C3
80 I F (A 3 S ,LT . 1) GO TO 10
81 A 3 = 1 . 57079
82 GO TO 20
83 10 C O N T I N U E
84 A3 = A T A N ( A 3 S / S O R r ( 1 - A 3 S * * 2 )  )
85 20 CO N T I N U E
86 I F ( ( U 3 * * 2 + C 3 * * 2 ) . G T . ( W 3 * * 2 ) )  GO TO 170
87 T 0 R 2 = ( ( U 2 + D 3 * C 3 * C 0 S ( A 3 ) / D 2 ) * D 2 * F L ) / 6 4 . 4  eq 70
88 GO TO 180
89 170 T Q R 2 = ( ( U 2 - D 3 * C 3 * C 0 S ( A 3 ) / D 2 ) * D 2 * F L ) / 6 4 . 4  e q 7 0
90 180 T 0 R = T 0 R 1 * T 0 R 2
91 T 0 R = T 0 R - T L O S S
9 2 H P = 6 . 2 8 3 1 8 * 3 * T O R / 33000
93 E = 5 5 0 * H P / ( 7 7 8 * C P * T 1 * ( 1 - 1 / P R 1 * * G 1 ) * F L )  e q 7 1
94 SND = S / S Q R T (T1 )
95 F L N = F L * 6 0 * S 0 R T ( T 1 ) / P R 1 / P A
96 T 0 R P = T 0 R / P P 1 / P A
97 T O R P F = T O F P * F F
98 EF=E*FF
99 H P F = H P * F F
00 40 RETURN
Turbine variable listing Al*67
T h e  n o t a t i o n  o f  t h e  t h e s i s  is u s e d ,  * is i n d i c a t e d  b v  d o u b l i n g ,  
a l p h a  is A, b e t a  is B .
S Y M B O L TYPE ESID
A ❖ R4 01 n o z z l e  a n g l e  i n  d e g r e e s
A2 R4 01
A2S R4 01 A 2
A2A R4 01 A 2
A3 R4 01
A3S R4 01 A 3
BB2 R4 01 b 2  ,
BB3 R4 01 b3
B3 R4 01
CP R4 01 s p e c i f i c  h e a t  a t  c o n s t a n t
C2 R4 01




E R4 01 ef f i c i e n c y
EF ❖ R4 01 s c a l e d  e f f i c i e n c y
F ❖ R4 01 s c a l e  f a c t o r
F F R4 01 s c a l e  f a c t o r
FL R4 01 m a s s  f l o w
FLN ❖ R4 01 n - d  m a s s  f l o w
G R4 01 s p e c i f i c  h e a t  r a t i o
01 R4 01 G—  1 / Cr
HP R4 01 p o w e r
HPF ❖ R4 01 s c a l e d  p o w e r
I 14 01 c o u n t e r
PA R4 04 a m b i e n t  p r e s s u r e
PRC R4 01 c r i t i c a l  p r e s s u r e  r a t i o
PR1 ❖ R4 01 11/13
PR2 R4 01 11 /12
PR3 R4 01 1 2 / 1 3
P2 R4 01
P21 R4 01 1 2  '
OA R4 01 q u a d r a t i c  t e r m
OB R4 01 do
oc R4 01 do
R R4 01 g a s  c o n s t a n t
RC1 R4 01 p r e s s u r e  r a t i o
S ❖ R4 01 s p e e d
SND ❖ R4 01 n - d  s p e e d
Al . 68
S Y M B O L TYPE ESID
STI R4 01 I t e r a t i o n  s t o r e
ST2 R4 01 do
ST3 R4 01 do
ST4 R4 01 do
TA R4 04 a m b i e n t  t e m p e r a t u r e
T L O S S R4 CI l o s s  t o r q u e
TOL R4 01 t o l e r a n c e
TOR R4 01 t o t a l  t o r q u e
T O R P R4 01 n - d  t o r q u e
TO R P F ❖ R4 01 s c a l e d  n - d  t o r q u e
T0R1 R4 01 sho ck t orqi;. e
I 0R 2 R4 01 i m p e l l e r  t o r q u e
TSL ❖ R4 01 l i m i t i n g  s p e e d
TT2 R4 01
T1 ❖ R4 01
T2 R4 01
T21 R4 01
















1 60 STMT 01
170 STMT 01
1 80 STMT 01
210 STMT 01
250 STMT 01
F O R T R A N  I V A 1 9  S O U R C E  P R O G R A M  2 7 / 0 4 / 7 1  P A G E
i 1 b l o c k  DATA .. A l . 69
^ 2 COMMON/L1 C/AR1 G ( 7,1 4) Ia RII ( 7 ^ U )  ,VTNS( 7) , V R E X ( U )
3 d a t a  ARlC/0.0 , 0 .g ,g .0,0.0,0.0,0.0,0,0.47.49,46.15,41,40,29.90,0.0.
4 AO,0,0,0,57.01,56.44,54.3 7,49.60,39.48,15.58,0.0,60.53,60.30,59.36,






11 H 6 1 .62,61.65,61,65,61.65,61.65,61.65,61.65,61,65/
12 DATA AP11/0,0,0.0,0.0,0.0,0.0.0.0,0.0,.1663,.1420,.0926,.0920,0,0.






19 G.4682,.433 7,.3792,.3186,.2480,.5 377,.5054,.4789,.4478,.3933,.3330,
20 H.2645,.5496,,5170,.4888,.4609,.4066,.3464,,2 787/









DATA A RI 0/0.0,0.0,0.0,0.0,0.0,0.0, 0.0,0.0,0.0,0.0, 51 .0,30.0, 20,0, 
A O.O,0.0,0.0,0.0,0.0,0.0,0.0,63.3,49.5,43.0,35.7,20.0,0.0,0.0,0.0, 
BO . 0,0.0,68.5,62.8, 58,4, 52 .8,42.7,36.0,31 .0, 18.0, 0.0, 0.0, 71 .4, 68,5, 
065 . 7 , 6 ^ 8 ,  54 ,6, 50. 0,45 . 7 , 40.8, 3 5 . 2, 21 . 0, 73 .8, 71 . 4, 69. 5 , 66. 7,60. 7,
057.0.54.3.49.7.44.3.39.0.75.2.73.4.71.4.69.0.64.5.61.5.59.1.54.8,
E 50.0,46.0,76.2,74.8,73.0,70.6,66.3,64.0,61.9,58.2,54.3,50.2,77.2,
F 76.0, 74. 0, 71 . 4, 68.3, 66.0, 64.3, 61 . 0, 5 7.3, 53 . 0, 77.4, 76. 5 , 74.8, 72. 2,
669.3.67.5.65.7.63.0.59.5.56.0.77.5.76.6.75.2.72.6.70.2.68.1.66.2,
H 64.0 , 61.0,57.2,77.5,76.6,75.4,73.0,70.3, 68 .5,66.7,64.2,61.9,57,7 .














4R E X 1 1/1.0,1.2,1.6,2.0,2.4,2.8,3.2,3.6,4.0/
END
OF TRACKS In PARTITION = 0001
IbLcardo main turbine ar_ay for use with IIVG
F O R T R A N  I V A 1 9  S O U R C E  P R O G R A M  2 7 / 0 4 / 7 1  P A G E
1 BLOCK DATA A1,,0
2 C 0 M M 0 N / L 1 4 / A R 1 4 ( 9 ) ,A R 1 5 ( 1 1 , 9 ) ,REXA14(9),TNSA15(11),REXA15(9)
DATA A R 1 4 / 0 . 0 , 0,0,10.0,20,0, 3 0 , 0 , 4 0 . 0 , 4 5 . 0 , 4 8 . 0 , 5 0 . 0 /
4 DATA
; " 5 1 A R 1 5 / 0 . 0. 0 . 0 , 0 . 0 , 0 . 0 , 0 . 0 . 0 . 0 , 0 . 0 , 0 . 0 , 0 . 0 , 0 . 0 , 0 . 0 , 0 . 3 1 , 0 . 0 , 0 . 0 , 0 . 0 ,
6 AO.O, G , 0,0.0,0,0,0.0,0.0,0.0,0,81 ,0.54 ,0,34.0.25,0,125,0,0,0.0,0.0,
7 80, 0 , 0 . 0 , 0 . 0 , 1 . 3 1 , 0 . 9 4 , 0 , 6 9 , 0 . 4 4 , 0 . 3 1 , 0 . 1 9 , 0 . 0 6 , 0 . 0 , 0 . 0 , 0 . 0 , 0 . 0 ,
- 8 C1.6 4 , 1 . 2 5 , 0 . 9 4 , 0 . 7 1 , 0 . 5 0 , 0 . 3 5 , 0 . 1 9 , 0 . 0 , 0 . 0 , 0 . 0 , 0 , 0 , 1 . 9 0 , 1 . 5 0 , 1 , 1 3 ,
9 0 0 . 8 7 , 0 . 6 9 , 0 , 5 0 , 0.35,0.19,0.0,0 ,0,0,0,2,32,1 ,81 , 1 .46,1 ,1 5,0.87,
10 EO, 71 ,0,50,0,35,0.19,0.0,0.0,3,0,2.31 ,1 ,88,1 .5,1 ,18,0.93 ,0.79,
11 F0.61 , 0.40,-0,19, 0,0,3,44,2,88,2.31 , 1 .88, 1 .55, 1 .25, 1 .0,0.81 , 0.60,
12 GO.31,0.0/
13 DATA
14 l R E X A 1 4 / 0 . 0 , 1 . 0 ,1,02,1.1,1.2,1, 6,2.G,3l0,4.0/,
15 2TNSAl 5/0,0, 260.0, 520.0, 780.0. 1080.0, 1300.0, 1560.0, 1820.0,2080.0,
16 32350.0,2600.0/,
17 3REXAl 5/1 .0,1.4,1,6,1,8,2.0,2.2,2.5,3.0, 4.0/
18 END
TKPA= f ( TN 3 A , ÏUüXA )
TTA=f(TNSA,H3XA)
Axial flow auxiliary turbine arrays for use with I 7G-
à
STARTJOB BEN32098F ; . TR
AMEND 07,RE P L A C E , Ü,F n  A 1 .71
SUBROUTINE A B U R N (T L I M ,T N F ,E E ,TE X ,R E X ,F A )
COMMON TA,PA,AMFE
A n ' ■ I m u 1 ^ C E : ? l IH)G0 t o  30 ' temperature
1 A F L = 20.0 limiting air/fuel ratio
T1=TEX
AMA=TNF*REX*PA/SQRT(TEX) air mass flow
AF=AMA/AMFE air/fuel ratio
i f (a f . l t .a f l ) g o t o  30
AMF=ArA/AFL-AMFE
 ^  ^pi ^ - m , ..V —  - — —
10 T=Tl+DTA/2
F=2/(AF*AFL ) ^
DT = AMF*CV/(AMA + AMF)/CPG(F,T) Q -,09 
T=T1*DT/2 ‘
D T A = A M F * C V / (AMA+AMF)/CPG(F.T) 
IF(A0S(0TA-DT).GE.5) g o  t o  10 






r DTA=AMF*CV/(AMA+AMF)/CPG(F,T) eq 109
K = K+1
j D=DTA-DT
Y IF(ABS(r)TA-OT) .LT.5) GO TO 20
' CALL SQL(SA,SB,ArA,SC,SD,D,AF,K)









Notation as NYG- 
JMBER OF TRACKS IN PARTITION = 0001
' COMPILE 07,D,PEBUG 
i EXIT TO AAGJ72C0A00P














SüüRCUTlUL C O J L d M F  fRC.TC.TM) 
COMMON TA.PA
TM = TC-(TC~TA)*E - • - -
PM=PC*PA
VF = EVF* S v R T ( T A ) +F C/ S A R T (T C )/0 . 1 1 3b 
DPHG = 0 . 5 * 5 . b/1 09 0 0 0 , 0*VF**2
DP = ü P i i G * 0  . 4V:5 -----..........  -
PM = P:v:-PP
RC = PN/F A ,
ENF = vF*0_. 1135*S:RT( r ^h/RC/SGRT(TA) 
RETURN '■








E R4 _ 01
EN F 0R4 01
PA K4 04 *
PM ‘ R4 01
RC ❖ R4 01
TA R4 04
TC ❖ R4 01
TN_____ ❖ R4 . 0 1  Z-.
VF R4 01
pressure drop 
pressure drop in, 
effectiveness
Hg.








f AMEND 1 7 , REPLACE,U, F A l . 73
FUNCTION 6EAR1(E S D , C S D , O S D , C S S , E S , O S )
A1=(-CSS)/ESO 
A2 = (CSD-CSS)/0SD 
G E A r I=A2*0S-A1*ES 
RETURN
p  END eq 112
fMBER OF TRACKS IN PARTITION = 0001
SUBROUTINE 6 E A R 2 (E S D ,C S D ,O S D ,C S S ,E S ,O S ,C P ,T P ,E P 1 )
A 1=(-CSS)/ESD
A 2=(CSD-CSS)/0SD




SUBROUTINE G E A R 3 ( C P D , E P D , T P D , C S D , 0 S D . C S , C P , T T , T T A , T 0 S )
TT1=TT+TTA
P R = T P D / (EPD-CPD)
TTD = T P D * 3 3 0 0 0 / 6 . 2 8 3 18/OSD 




S U B R O U T I N E  S 0 L ( P 1 , P 2 , P 3 , S 1 , S 2 , S 3 , A , I )





2 I F ( 1 - 2 ) 4 , 4 , 5
5 I F ( l S ( S 3 ) * I S ( S 2 ) ) 6 , 6 , 4





7 P 3 = ( P 1 * S 2 - P 2 * S 1 ) / ( S 2 - S 1 )
3 C O N T I N U E  
RETURN 
EN!)
M e t h o d  o f  f a l s e  p o s i t i o n
F U N C T I O N  I S (P )





3 IS = 1
4 C O N T I N U E  
RET U R N  
END
Al .74
g i v e s  s i g n  o f  P
R E A L F U N C T I 0 N C P G ( F , T 1 )
T = T 1 * b . O / 9 . 0
C P G = ( ( ( ( . 4 3 6 9 1  3 6 3 E - 1 3 * F * ( - . 40 020 0 3 5 E - 1 2 ) / ( 1 * F ) ) * T - . 1 3 5 4 7 7 5 7 E - 0 9  +F 
1 * . 1 5 2 3 3 1 9 7 E - 0 e / ( 1 + F ) ) * T + . 2 6 4 9 0 9 1 9 Q E - 0 6 + F + ( - . 2 1 6 2 7 4 3 2 E - 0  5 ) / ( 1 + F ) ) * T  
2 - . 1 ü 0 2 5 5 7 9 E - 0 3 + F * . 1 6 1 4  73 4 2 E - 0 2 / ( 1 + F ) ) * T + . 2 5 0 5 1 2 0 2 E + 0 0 + F * ( - . 1 2 1 6 8 9 2  
3 2 E - 0 0 ) / ( 1 + F )
R E T U R N  
END
g i v e s  as a f u n c t i o n  of f u e l / a i r  r a t i o  F an d  f e n p  R 
F U N C T I O N  G (F , T )
G = C p G ( F , T ) / ( C P G ( F , T ) - ( 1 . 9 8 5 7 * ( F + 0 . 1 3 9 / 4 + 0 . 0 3 4 6 7 ) ) / ( 1 + F ) )  
R E T U R N  
END
h i v e s  s p e c i f i c  h e a t  r a t i o  as a  f u n c t i o n  of F, T dog. fi
FEAL F U N C T I O N  G ," ( F , 1 )
C. A = G ( F , T )
R E T U R N
FND E x a c t l y  a s  G
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APPENDIX II - EXHAUST PRESSURE FLUCTUATIONS
Hiis appendix contains the results of a limited attempt to 
check two of the assumptions that have been made in the 
thesis about exhaust pressure wave effects. In Chapter 2, 
where the design of the DOE exhaust system was described, 
the large volume of the chosen design was mentioned. This 
volume was chosen as a result of work by Wallace( 13) who 
suggested that at pressure ratios above 2,2 approximately, 
more energy could be extracted from exhaust gas by the 
tuitine if the pressure pulses were damped out by a large 
volume system, and the turbine allowed to operate in the 
constant pressure mode. In order to check this assumption, 
two cases were selected from the DCE operating field with 
variable geometry turbines (cases 48 and 3) and analysed 
with the aid of the * cons tan t-p res sure ’ and * filling and 
empyting’ programs developed by WinterboneC16), The settings 
and results are given in Table A2,l, In the turbocharged 
engine synthesis work, the effect of the exhaust pressure 
pulses undoubtedly present in the manifolds of the 
Perkins 6,354 has been neglected, and turbine performance 
calculated purely from the constant average pressure quoted 
by the manufacturers. To check the validity of this 
procedure, two cases were chosen from the 6,354 operating 
field and analysed as were the TS 3 cases. The settings 
and results are again given in Table A2,l.
The procedure followed was to run each case on the constant 
pressure exhaust program in order to establish a mass flow.
Then, with the true exhaust pipe volume for each engine, the 
cases were run in the 'filling and emptying' program, and 
the turbine nozzle area adjusted until mass flows matched.
The true manifold volume for the TS 3 was 2000 in^, that 
for the 6,354 40 in^. The volumes were then changed, the 
TS 3 run with 200 in^ manifold volume, and the 6,354 with 
2000 in^ volume. The program failed to calculate case 
2601 under these conditions. Nozzle area established 
for the previous case was maintained for these latter runs.
Page A2.2
Turbine efficiency was given as data in each case, reasonably 
reliable values being available. The 'filling and emptying' 
program represents turbine efficiency as a parabola varying 
with u/c:




This relationship applies really to axial flow turbines, but 
probably broadly represents the behaviour of radial inflow 
units, providing maximum efficiency is specified with care 
and the results interpreted with caution.
The value of maximum efficiency is given as data, and the 
efficiency used in the constant pressure program was used.
This should mean that the constant pressure program would 
calculate values of turbine power rather larger than 
values given by the 'filling and emptying' program. The 
precise value chosen does not offset comparisons between 
different sizes of exhaust volume using the same program.
The results of the program runs, together with the settings 
are given in Table A2.1, while the resulting exhaust 
pressure diagrams are plotted for the TS 3 in Figure A2.1 
and for the 6,354 in Figure A2,2,
Considering the TS 3 results first, the superiority of the 
large volume manifold in the high boost case(48), is clearly 
seen in Figure A2,l, The nearly constant pressure resulting 
from the large volume is generally above the pressure resulting 
from the small volume. Energy conversion figures in (hp)/lb 
of flow reflect this superiority, see Table A2.1, 1780 hp/lb 
being found for the large volume, 1610 for the small. Note 
that in this case, the constant pressure program underestimates 
turbine power. In the second TS 3 case, 3, at a boost ratio 
of 1,77, the two different exhaust volumes are found to give 
very similar energy conversion rates, 940 for the large 
volume, 920 for the small. This case probably lies in the 
general region of the cross-over point below which the small
P a g e  A 2 . 3
volume exhaust is clearly superior. Again, the constant pressure 
program underestimates turbine power. From these results, it 
is reasonably clear that the choice for constant pressure, 
large volume exhaust for the DCE was justified, and that 
the neglect of pressure waves in the analysis did not 
lead to any great errors.
Turning to the 6,354 results. Figure A2.2, the pulse conserving 
nature of the small volume (40 in^) exhaust manifold is evident. 
Considering case 2605, at a boost ratio of 1.8, the failure of 
the large volume case is unfortunate, but the energy conversion 
values given by the constant pressure program and by the small 
volume treatment bear a reasonable relation to each other.
With a true peak turbine efficiency fed into equation A2.1 
(55% was used) the two programs would probably calculate 
approximately the same turbine power, and the neglect of 
pressure wave effects would be justified. Case 1501, 
at a boost of 1.04, is an example of a case where pulse 
turbocharging is essential. All the exhaust energy is 
in the pressure pulses, and the energy conversion rate is 
halved if the pulses are damped out. The turbine efficiency 
(66%) is probably near the peak at this point, and the 
constant pressure program would overestimate turbine power.
Tentative conclusions may thus be drawn from all four 
cases, that except for very low pressure ratios, the 
neglect of pressure pulses in engine exhausts does not 
lead to serious errors, and was in any case justified 
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